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Cell survival in changing environments requires appropriate regulation of gene 
expression, including translational control. Multiple stress signaling pathways 
converge on several key translation factors and rapidly modulate mRNA translation at 
both the initiation and the elongation stages.  
Here, I discover that intracellular proteotoxic stress reduces global protein 
synthesis by halting ribosomes on transcripts during elongation.  Deep sequencing of 
ribosome-protected mRNA fragments reveals an early elongation pausing, roughly at 
the site where nascent polypeptide chains emerge from the ribosomal exit tunnel.  
Inhibiting endogenous chaperone molecules by a dominant-negative mutant or 
chemical inhibitors recapitulates the early elongation pausing, suggesting a dual role 
of molecular chaperones in facilitating polypeptide elongation and co-translational 
folding.  My results further support that trapped chaperone under stress may prevent 
the release of elongation factors from ribosomes.  My study reveals that translating 
ribosomes fine-tune the elongation rate by sensing the intracellular folding 
environment.  The early elongation pausing represents a co-translational stress 
response to maintain the intracellular protein homeostasis. 
  
Correspondingly, repression of global protein synthesis is often accompanied 
with selective translation of mRNAs encoding proteins that are vital for cell survival 
and stress recovery.  Understanding the selective translational control in gene 
expression relies on precise and comprehensive determination of translation initiation 
sites (TIS) across the entire transcriptome.  Here, I develop an approach (global 
translation initiation sequencing, GTI-seq) to achieve simultaneous detection of both 
initiation and elongation events on a genome-wide scale.  With single nucleotide 
resolution, I show an unprecedented view of alternative translation initiation in 
mammalian cells.  Furthermore, I uncover a robust translational reprogramming of 
protein catabolic process, in particular the proteasome system, in response to 
starvation.  This regulatory mode of TIS selection indicates that the scope of selective 
translation under stress conditions is much broader than anticipated. 
Collectively, my studies have revealed unprecedented proteome complexity 
and flexibility through stress-induced translational reprogramming, including 
ribosome pausing during elongation and wide-spread alternative translation initiation.  
Elucidation of the regulatory mechanisms underlying translational reprogramming will 
ultimately lead to the development of novel therapeutic strategies for human diseases. 
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PREFACE 
The main focus of this dissertation is the translational reprogramming induced 
by cellular stress to maintain protein homeostasis.  This work is composed of two 
major research projects, emphasizing on translational regulation at initiation and 
elongation stages respectively.  Chapter 1 reviews current knowledge of translational 
reprogramming in cellular stress response, with emphasis on the regulatory modes of 
global protein synthesis and selective translation.  Chapter 2 is the main focus of my 
graduate work, which examines the global repression of protein synthesis under 
proteotoxic stress and discovers a novel early elongation pausing response controlled 
by molecular chaperone.  Further dissection of the underlying mechanism is included 
in the Appendix I as work in progress.  Chapter 3 is a collaborative work of 
developing an approach to achieve simultaneous detection of both initiation and 
elongation events on a genome-wide scale.  Appendix II is the application of this 
method to profile alternative initiation in response to starvation as part of a manuscript 
in submission.  Chapter 4 summarizes the major findings and the connections under 
the concept of protein homeostasis, while discussing several open questions still under 
investigation as well as the potential applications and improvement of current 
technology.  
1 
CHAPTER 1 
 
Translational reprogramming in cellular stress response 
 
 
This review was submitted July 2013 and first published online as Liu B and Qian SB. 
Translational reprogramming in cellular stress response. Wiley Interdisciplinary 
Reviews RNA. 2013 Dec 23. doi: 10.1002/wrna.1212. Minor modifications have been 
made for reprint here. 
 
 
 
1.1 Abstract 
Cell survival in changing environments requires appropriate regulation of gene 
expression, including translational control. Multiple stress signaling pathways 
converge on several key translation factors, such as eIF4F and eIF2, and rapidly 
modulate mRNA translation at both the initiation and the elongation stages.  
Repression of global protein synthesis is often accompanied with selective translation 
of mRNAs encoding proteins that are vital for cell survival and stress recovery.  The 
past decade has seen significant progress in our understanding of translational 
reprogramming in part due to the development of technologies that allow the 
dissection of the interplay between mRNA elements and corresponding binding 
proteins.  Recent genome-wide studies using ribosome profiling have revealed 
unprecedented proteome complexity and flexibility through alternative translation, 
 2 
raising intriguing questions about stress-induced translational reprogramming.  Many 
surprises emerged from these studies, including wide-spread alternative translation 
initiation, ribosome pausing during elongation, and reversible modification of 
mRNAs.  Elucidation of the regulatory mechanisms underlying translational 
reprogramming will ultimately lead to the development of novel therapeutic strategies 
for human diseases. 
 
1.2 Introduction 
All living organisms must detect and respond to changing growth conditions 
and environmental stimuli.  Under acute adverse conditions, such as heat shock, 
hypoxia, nutrient deprivation or DNA damage, gene expression undergoes coordinated 
changes to ensure cell survival.  The past decade has seen significant progress in our 
understanding of gene regulation in response to stress, including chromatin 
remodelling, transcriptional regulation, alternative splicing and translational control.  
Recent advances in next-generation sequencing allow the dissection of gene regulation 
in an unprecedented scale and resolution.
1
  Although transcriptional regulation is 
essential in mediating the strength of stress response, translational control often 
provides immediate and effective changes in protein levels.
2
  This swift response 
offers a timely adaptation for cells to maximize survival under stress.
3
  
Translation can be divided mechanistically into three stages: initiation, 
elongation and termination.  As the rate-limiting step in translation, initiation is a 
complex process involving ribosome loading, scanning, and start codon selection 
 3 
before elongation commitment.
2
  Consistent with its critical role in determining the 
overall rate of translation, initiation is the primary target of regulation under stress.  
Under various stress conditions, distinct signalling pathways converge to a few 
initiation regulators resulting in translational inhibition.  The two best characterized 
mechanisms are mRNA cap recognition and ternary complex formation (see below).
4
  
Although translational control at the initiation stage has been extensively studied,
5
 
much less is known about the regulatory mechanisms of elongation under stress 
conditions.  Recent development of ribosome profiling technology has reignited the 
research interest in the translation field.
6, 7
  The innovative technique enables 
monitoring of ribosome dynamics with unprecedented resolution at the genome-wide 
scale.
8
  With this powerful tool, surprising mechanisms at post-initiation stages of 
translation have been uncovered.
9
 
Protein synthesis consumes a lion‟s share of energy and cellular resources, so 
translation is generally repressed under most if not all types of stress conditions.  
However, subsets of mRNAs can bypass the general inhibition and be selectively 
translated.  Most of these mRNAs encode stress response proteins, which protect cells 
from damages and facilitate the post-stress recovery.
10, 11
  The concept of translational 
reprogramming fits well into the mode of translational control in stress response, 
allowing selective translation of mRNAs to maintain the expression of stress proteins 
when general protein synthesis is compromised.  Such regulation can be quantitative 
(all-or-none vs. graded), or qualitative (enabling a single mRNA to produce several 
different proteins).  We argue that translational reprogramming lies at the heart of the 
stress response and is required for rapid cellular adaptation under stress.  Mechanistic 
 4 
details of translational reprogramming, however, are only beginning to be unfurled.  In 
this review, we discuss mechanisms underlying global repression of translation as well 
as selective translation in response to stress.  Although both processes are tightly 
coupled during translational reprogramming, for the purpose of clarity, we review 
each part separately by focusing on mRNA elements as well as corresponding binding 
proteins.  We start with an overview of well-established regulatory mechanisms 
through initiation and then focus on the recent progress in novel modes of regulation 
are important in translational reprogramming in stress response. 
 
1.3 Global Repression of Translation During Stress 
1.3.1 Overview of Eukaryotic Translation Processes 
To better illustrate mechanisms underlying translational reprogramming, it is 
necessary to briefly revisit what we have learned regarding translation processes in 
eukaryotic cells.  Under normal conditions, eukaryotic cells employ a cap-dependent 
mechanism to initiate translation for most mRNAs.
12, 13
  The 5‟ end of eukaryotic 
mRNAs is modified with an m7Gppp cap structure, which is recognized by a 
eukaryotic initiation factor 4E (eIF4E).  eIF4E forms the eIF4F complex by binding to 
eIF4G (a scaffold protein) and eIF4A (a helicase).
14-16
  The cap recognition is the first 
step that determines which mRNAs are to be translated, and it is not surprising that 
multiple signalling pathways control this rate-limiting step.  Another key step is the 
formation of a ternary complex, which is composed of a methionine-loaded initiator 
tRNA and a GTP-coupled eIF2.
17
  The ternary complex associates with the 40S small 
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ribosome subunit and several other initiation factors (eIF1A, eIF3, eIF1) to form the 
43S pre-initiation complex (PIC).  PIC is then recruited to mRNA via the scaffold 
eIF4G within the cap-associated eIF4F complex, forming the 48S complex.  With the 
help of eIF4A to unwind mRNA secondary structures, PIC scans the 5‟ untranslated 
region (5‟UTR) until it encounters an initiation codon.18, 19  The efficiency of start 
codon recognition can be influenced by the codon context as well as initiation factors 
eIF1 and eIF1A, although the precise mechanism remains elusive.  The event of start 
codon recognition is believed to trigger conformational changes of the 48S complex 
followed by release of the initiation factors.  With the help of eIF5 and eIF5B that 
induce hydrolysis of eIF2-bound GTP, a 60S large ribosome subunit joins the 40S 
subunit, forming a complete 80S complex ready to proceed to the elongation step.
18
 
Translation elongation is mediated by elongation factors eEF1 and eEF2, 
which delivers amino acid-charged tRNA to the ribosomal A site and catalyses 
ribosomal translocation, respectively.  During elongation, the ribosome does not move 
at a constant speed but rather in a stop-and-go traffic manner.  Both cis sequence 
elements and trans regulatory factors contribute to the variations of elongation speed. 
However, our understanding of elongation control has lagged behind the knowledge of 
initiation regulation.  When the ribosome decoding centre reaches a stop codon, 
termination occurs via the concerted action of release factors eRF1 and eRF3.  
Notably, peptide release, tRNA dissociation, and ribosome separation do not take 
place simultaneously.  In some cases, the 40S subunit remains associated with mRNA 
and could start a second round of translation from the downstream start codon, a 
process called re-initiation.
12
  Strikingly, in a reconstituted in vitro translation system, 
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Skabkin et al found that the post-termination ribosome could migrate bi-directionally 
to codons cognate to the P-site tRNA.
19
  Although it remains to be confirmed whether 
this radical event occurs in vivo, the dynamic ribosome behaviour surrounding 
termination provides novel mechanistic insights into translation re-initiation.  
 
 
Figure 1-1. Multiple stress signals converge on initiation factors and inhibit global 
protein synthesis.  
Cap-dependent translation initiation requires cap binding, eIF4F complex assembly (light grey 
square), and ternary complex formation (light yellow square). Nutrient signalling mTORC1 
controls eIF4F complex formation by phosphorylating 4EBP, which releases eIF4E for cap 
binding. Nutrient starvation not only inhibits the mTORC1 signalling pathway, but also 
triggers GCN2 kinase activity. GCN2 phosphorylates eIF2α that inhibits ternary complex 
formation. In addition to the GCN2 kinase, other kinases integrate many stress conditions by 
phosphorylating eIF2α, forming an integrated stress response targeting translation initiation. 
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1.3.2 Initiation Regulators and Signalling Pathways 
eIF4F-mediated 5’ cap recognition 
A cap-dependent mechanism accounts for the translation of the vast majority 
of cellular mRNAs.  Under stress conditions, a diverse array of signalling pathways 
control the eIF4F-mediated cap recognition, thereby adjusting the rate of global 
protein synthesis (Figure 1).  One best known regulator is the eIF4E-binding protein 
(4EBP), which shares a similar structure with eIF4G. By competing with eIF4G, 
4EBP acts as a negative regulator of translation initiation by repressing the assembly 
of eIF4F complexes at the 5‟ terminus of transcripts.  The binding capacity of 4EBP 
depends on its phosphorylation status.  Under normal growth conditions, 4EBP is 
heavily phosphorylated and has lower affinity with eIF4E.
20
  One major signalling 
pathway that mediates 4EBP phosphorylation is the mammalian target of rapamycin 
complex 1 (mTORC1).
21, 22
  mTORC1 is an evolutionarily conserved serine/threonine 
kinase that senses extracellular signals as well as the intracellular energy status.  
Nutritional stresses such as amino acid starvation inhibits global protein synthesis 
partially through the mTORC1 signalling pathway.  mTORC1 senses amino acid 
levels through a sophisticated system.
23
  Recent studies revealed that mTORC1 
activation occurs primarily at the surface of the lysosome by heterodimeric RagA/B-
RagC/D GTPases.
24
  When amino acids are limited, Rag GTPases are inactivated, 
leading to GDP coupled RagA/B and GTP bound RagC/D, which are unable to recruit 
mTORC1 to the lysosome membrane.
25
  A complex named Ragulator acts as a 
guanine nucleotide exchange factor (GEF) for RagA and RagB, whereas another 
complex called GATOR1 has GTPase-activating protein (GAP) activity.
26, 27
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However, the direct intracellular amino acid sensor remains to be characterized.  Once 
recruited to the lysosome surface, mTORC1 is believed to be directly activated by Ras 
homologue enriched in brain (Rheb).
28, 29
  The activated mTORC1 then 
phosphorylates 4EBP, leading to de-repression of eIF4F and enhanced cap-dependent 
translation.  
At the lysosome surface, Rheb activity is subject to regulation by 
phosphoinositide 3-kinase (PI3K) pathways.  Therefore, both the amino acid sensing 
system and the insulin signalling pathway converge on mTORC1.  Rheb activity is 
negatively regulated by tuberous sclerosis complex (TSC) 1 and 2, in which TSC2 acts 
as a GAP towards Rheb.
30, 31
  Several stress signals integrate into mTORC1 via TSC.  
For instance, oxidative stress activates AMP-responsive protein kinase (AMPK) 
pathway, which suppress mTORC1 by phosphorylating its negative regulator TSC2.
32
  
In addition, TSC is found to be localized on the peroxisome and inhibit mTORC1 in 
response to endogenous reactive oxygen species.
33
  DNA damage could be sensed in 
both p53 dependent and independent pathways.
34, 35
  The p53-dependent pathway 
requires the transcriptional activation of Sestrin1 and Sestrin2.  Increased Sestrin1 and 
2 activate TSC2 through AMPK, eventually repressing mTORC1 activity.
36
  For the 
p53 independent recognition, DNA damage is sensed by a protein kinase ATM (ataxia 
telangiectasia mutated) and the signal is transduced through liver kinase B1 
(LKB1)/AMPK1 to target TSC2 and inhibits mTORC1.
37
  
As mentioned above, 4EBP is one of the direct targets of mTORC1.  Under 
suppressed mTORC1 activity during stress, the hypo-phosphorylated 4EBP sequesters 
eIF4E from the 5‟cap of mRNAs, preventing the formation of eI4F complex and the 
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cap-dependent initiation.
38
  Employing the ribosome profiling technique, several 
recent studies investigated the translational response when mTORC1 was inhibited by 
chemical inhibitors.
39
  Inhibiting mTORC1 activity by Torin significantly reduced the 
translation of mRNAs containing 5' terminal oligopyrimidine (TOP) motifs or TOP-
like motifs.
40, 41
  These mRNAs mostly encode ribosomal proteins and translation 
factors.  In addition, several transcripts whose translation is highly regulated by 
mTORC1 are involved in cell proliferation, metabolism and invasion, confirming the 
critical role of translational control in cancer progression.
41
  Given the widely accepted 
notion that eIF4F complex formation controls the majority of cap-dependent 
translation, it is surprising to find that only a subset of mRNAs whose translation is 
influenced by mTORC1 inhibition.  Indeed, in cells lacking both 4EBP1 and 4EBP2, 
not all mRNA translation is equally upregulated.
42
  Interestingly, mRNAs involving 
cell proliferation are preferentially subjected to translational control by 4EBP.  Hence, 
translation of individual mRNAs has different sensitivity to the perturbation of cap-
recognition. 
eIF2-controlled ternary complex formation 
Many stress conditions trigger the phosphorylation of eIF2α.  In mammals, 
there are four different types of eIF2α kinases activated by different stressors: general 
control non-derepressible-2 (GCN2) for amino acid starvation, protein kinase RNA 
(PKR) for double-stranded RNAs during virus infection, PKR-like ER kinase (PERK) 
for unfolded proteins in ER, and heme-regulated inhibitor kinase (HRI) for heme 
deprivation.4  eIF2α is a subunit of eIF2 that is part of the ternary complex.  As GTP 
is hydrolysed during translation initiation, eIF2 needs to be recharged by initiator 
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tRNA.  This recharging is accomplished by eIF2B-catalyzed GDP-GTP exchange.  
Under stress conditions, Ser51 of eIF2α subunit is phosphorylated by stress sensing 
kinases mentioned above.  Phosphorylation of eIF2α inhibits GDP-GTP exchange by 
reducing the dissociation rate of eIF2B.
43
  As a result, ternary complex formation is 
suppressed and global translation is reduced.  Therefore, different types of stress 
conditions converge on eIF2α, resulting in the inhibition of ternary complex formation 
(Figure 1).  Further supporting this notion, GCN2 also responds to UV exposure and 
DNA damage response.
44, 45
  Moreover, both hypoxia and oxidative stress could 
activate PERK, resulting in phosphorylation of eIF2α.46 
 
 
Figure 1-2. Translational regulation at the elongation stage. 
Nutrient starvation inhibits mTORC1 and activates eEF2K, which inhibits translation 
elongation by blocking the function of eEF2. Starvation also activates AMPK that promotes 
the activation of eEF2K, resulting in elongation inhibition. Many stressors could affect the 
activity of eEF1, although the underlying mechanism is not completely understood. In 
addition, ribosome-associated chaperones regulate translation elongation, enabling cells to 
modulate translational capacity in response to proteotoxic stress. 
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It is clear that the same type of stress could trigger multiple signalling 
pathways leading to global protein synthesis inhibition.  For instance, amino acid 
starvation not only suppresses eIF4-mediated cap recognition through aforementioned 
mTORC1 signalling pathways, but also activates GCN2 via the accumulation of 
uncharged tRNA.
47
  Consequently, both cap-recognition and ternary complex 
formation are suppressed under nutrient starvation.  It seems that both stress signalling 
pathways act in parallel.  However, cells lacking GCN2 blunted the responsiveness of 
mTORC1 to amino acid deprivation.
48
  Much remains to be learned for the crosstalk 
between GCN2/eIF2α and mTORC1 signalling pathways. 
1.3.3 Elongation Modulators and Signalling Pathways 
Despite the extensive regulation at the initiation stage, a growing body of 
evidence suggests that elongation step is subject to more rigorous regulation than is 
previously assumed (Figure 2).
49
  Like some initiation factors, one common regulatory 
mechanism of elongation factors is phosphorylation.  For instance, elongation factor 
eEF2 undergoes phosphorylation at Thr56 within the GTP-binding domain in response 
to oxidative stress and this modification interferes with its ability to bind to the 
ribosome.
50-53
  mTORC1 negatively regulates its cognate kinase eEF2K and thereby 
activates eEF2.
54
  Thus, mTORC1 regulates protein translation at multiple stages.  The 
activity of eEF2 can also be regulated by RNA-binding proteins.  For instance, 
cytoplasmic polyadenylation element binding protein 2 (CPEB2) reduces GTP 
hydrolysis by eEF2.
55
  Interestingly, CPEB2 slows down the translation of HIF1A 
mRNA under normal conditions by binding to the 3‟UTR.  When cells encounter 
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hypoxic stress, CPEB2 dissociates from HIF-1α mRNA, leading to rapid synthesis of 
HIF-1α for hypoxic adaptation.  Further supporting the physiological significance of 
eEF2, eEF2 is repressed by the activation of AMPK-eEF2K-eEF2 pathway under a 
series of stress conditions, including endoplasmic reticulum stress, hypoxia-induced 
energy stress, genotoxic stress, and nutrient deprivation.
56-58
  Various stress signals 
trigger the activation of eEF2K by AMPK-mediated phosphorylation on serine 398.  
Activated eEF2K phosphorylates eEF2 and induces a temporary ribosomal slowdown 
at the stage of elongation.  During recovery stage, eEF2K is degraded by the ubiquitin-
proteasome system, allowing the rapid resumption of translation elongation.  
Remarkably, transformed tumour cells rely on this AMPK-eEF2K axis to survive 
under nutrient stress conditions.  Indeed, expression of eEF2K strongly correlated with 
overall survival in human medulloblastoma and glioblastoma multiforme.
59
  In 
addition to eEF2, eEF1A also undergoes similar regulation.  One example is the role 
of eEF1A in epithelia-to-mesenchymal transitions (EMT) which occurs in tumour 
metastasis.  This regulation is mediated by transforming growth factor β (TGF β) 
signalling pathway.
60
  In the absence of TGF β signalling, 3‟UTRs of specific mRNAs 
are recognized by a RNA-binding protein heterogeneous nuclear ribonucleoprotein E1 
(hnRNP E1), which blocks the translocation of ribosomes by associating with eEF1A.  
Active TGF β signalling phosphorylates hnRNP E1 and releases eEF1A from 
ribosomes, allowing the elongation to proceed on mRNAs and promoting EMT.  In 
addition, TGF-β1 also causes dissociation of ribosomal protein RPL26 and eEF1A 
from p53 mRNA, thereby reducing p53 mRNA translation in response to cellular 
stress.
61
  Finally, eukaryotic initiation factor 5A (elongation factor P in prokaryotes) 
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has been recently identified to promote elongation of polyproline motifs.
62-67
  In 
bacteria, EF-P influences the stress response of pH receptor CadC and translation of 
other polyproline-containing proteins, suggesting similar functions of eIF5A in 
eukaryotes. 
In addition to mechanisms regulating the elongation factors, the elongation 
process itself can cooperate with other stress response pathways to coordinate 
regulations at various levels.  mRNA translation proceeds not at a constant rate but 
rather in a stop-and-go traffic manner.
68
  Variations of elongation speed may result 
from local stable mRNA structure, or the presence of rare codons.
69-74
  Interestingly, 
nascent chains could also induce translational pausing in a sequence-specific manner.  
Several recent studies have revealed the importance of elongation pausing in stress 
response.  One example is the splicing of X-box-binding protein 1 messenger RNA 
(XBP1u mRNA) upon endoplasmic reticulum stress.
75
  An evolutionarily conserved 
peptide module at the carboxyl terminus is responsible for the translational pausing 
and required for the efficient targeting mRNA-ribosome-nascent chain (RNC) 
complex to the ER membrane and efficient splicing of the XBP1u mRNA.  In 
addition, ribosomal stalling in the upstream ORF causes mRNA remodeling and 
formation of an active IRES (discuss in more details below), stimulating the 
translation of cat-1 Arg/Lys transporter under amino acid starvation.
76
  Using 
ribosome profiling, several recent studies discovered an early ribosome pausing under 
a variety of stress conditions, including heat shock, proteotoxic stress, and oxidative 
stress.
77-79
  Intriguingly, most of the ribosomes paused within the first 50 codon 
window of almost all coding sequences, a region corresponding to the length of 
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nascent chains occupying the ribosomal exit tunnel.  Since ribosome-associated 
chaperone molecules are located near the exit of the tunnel, it is postulated that 
translation elongation is influenced by chaperone availability.  It is still unclear 
mechanistically how the absence of chaperones brings translation to a halt.  This 
phenomenon nevertheless reveals that translating ribosomes, via associated factors, 
fine-tune the elongation rate by sensing the intracellular folding environment.  The 
early elongation pausing may represent a co-translational stress response to maintain 
the intracellular protein homeostasis.  
 
Figure 1-3. Translational regulation by tRNA modification. 
tRNA contains many modified nucleobases. Anti-codon modification influences decoding 
processes and the overall translation capacity. Oxidative stress has multiple effects on tRNA 
metabolism, including m5C at the wobble position, tRNA misacylation, and tRNA cleavage. 
In addition, metabolic homeostasis such as sulfur amino acid levels regulates tRNA thiolation 
at the wobble position. These tRNA modifications trigger translational reprogramming in 
response to stress conditions. 
 
Growing ribosome profiling data has enabled computational simulation of the 
translation process in yeast.
80-82
  Consistent with previous studies, initiation and 
ribosome availability were shown to be the rate-determining factors of translation 
under normal growth conditions.  However, the simulative results suggest that 
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elongation becomes the limiting step under severe amino acid starvation conditions.  
The authors argued that reduced initiation rate under stress might increase the free 
ribosome and tRNA, thereby promoting elongation.  Although this hypothesis awaits 
experimental validation, it supports the importance of elongation regulation under 
stress. 
1.3.4 Stress-Induced RNA Modification  
Numerous modifications (>100) have been identified on the four canonical 
bases in most types of RNA.  Some of the RNA modifications serve as sentinels for 
various stress conditions, while others directly affect the decoding process of 
translation.
83
  Emerging evidence points to a critical role for tRNA and rRNA 
modifications in the various cellular responses to stress (Figure 3).  Using a 
quantitative system approach, Chan et al reported signature changes in the spectrum of 
tRNA modifications in S. cerevisiae upon oxidative stress.
84
  Interestingly, there was 
an increase in the proportion of tRNA
Leu(CAA) 
containing m
5
C at the wobble position.  
This modification causes selective translation of mRNA from genes enriched in the 
TTG codon.  In addition to tRNA modifications, several recent studies reported that 
oxidative stress triggers endonucleolytical cleave of tRNAs around the anticodon, 
giving rise to small RNA species that may participate in various stress signalling 
pathways.
85-89
  The nucleases responsible for stress-induced tRNA cleavage are Rny1 
in yeast and angiogenin in mammals.  The oxidative-stress activated nucleases cleave 
within the conserved single-stranded 3‟-CCA termini of all tRNAs, thereby blocking 
their use in translation.  This CCA deactivation is reversible and repairable by the 
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CCA-adding enzyme [ATP(CTP):tRNA nucleotidyltransferase].
90
  Through this 
mechanism the eukaryotic cell dynamically represses and reactivates translation at low 
metabolic costs.  In non-stressed cells, these enzymes cannot gain access to cytosolic 
tRNAs, suggesting that stress-induced tRNA cleavage is a highly regulated process.  
However, not all stress conditions can trigger tRNA cleavage.  Oxidative stress seems 
to preferentially affect tRNA biology.  Interestingly, up to a tenfold increase of 
methionine-misacylation occurs at tRNA when cells are exposed to oxidative stress.
91
  
Likewise, virus infection, treating cells with toll-like receptor ligands or chemicals 
also induced tRNA mis-acylation.  The physiological significance of modified 
translation fidelity remains unclear. It has been proposed that misincorporation of 
methionine into cellular proteins could possibly protect cells from reactive oxygen 
species (ROS)-mediated damage.
91
  A recent study reported that thiolation status of 
tRNA wobble-uridine nucleotides is correlated with the intracellular availability of 
sulphur amino acids methionine and cysteine.
92
  Interestingly, changing tRNA 
thiolation regulates translational reprogramming and enables cells to modulate 
translational capacity according to metabolic homeostasis. 
In eukaryotic mRNA, different types of methylation modification have been 
documented.  One abundant and conserved mRNA modification is N6-methyladenine 
(m
6
A).  The abundance of m6A has been estimated to be 3-5 residues per mRNA on 
average in HeLa cells.
83
  Importantly, the m
6
A modification is dynamic and can be 
reprogrammed under different conditions.  Yeast cells have low levels of m
6
A 
modification during regular mitosis growth, but appropriate 50% of mRNAs contain 
m
6
A sites during meiosis.
93
  It has been suggested m
6
A modification may regulate 
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translation efficiency.  Using m
6
A-specific antibodies, two recent studies revealed a 
wide-spread distribution of m
6
A across the mammalian transcriptome.
94, 95
  
Surprisingly, the mapped m
6
A sites were enriched near the stop codons and in the 
3‟UTRs.  Further supporting the dynamic feature of m6A modification, there was a 
tissue-specific pattern of m
6
A with a dramatic increase during brain development.  In 
addition, the m
6
A landscape changes in response to various stimuli.  Although the 
exact function of m
6
A in mRNA remains obscure, it is certain that this dynamic 
modification has important regulatory roles in gene expression, including translational 
control. 
 
Figure 1-4. Types of cis-sequence elements that contribute to translational regulation. 
mRNA contains multiple start codons (green triangle) and stop codons (black triangle), 
generating ORFs in-frame (blue box) or out-of-frame (cyan box). Secondary structures are 
present in 5‟UTR and/or 3‟UTR, with or without interacting proteins. Reversible mRNA 
modification could also regulate translational reprogramming in response to stress conditions. 
 
1.4 Selective Translational Regulation During Stress 
Repression of global protein synthesis helps reduce the cellular burden during 
stress conditions.  However, subsets of mRNAs undergo selective translation to 
produce proteins that are vital for cell survival and stress recovery.
4
  Cells employ a 
variety of mechanisms to achieve selective translation, which often involves cis 
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sequence elements on mRNAs and trans regulatory factors recognizing specific 
mRNA features.  Most of the cis-elements reside in the untranslated region of 
mRNAs, including internal ribosome entry sites (IRES), upstream open reading 
frames (uORFs), motifs with special sequences or secondary structures, and 
microRNA binding sites (Figure 4).  The roles of microRNA in translational 
regulation during stress have been comprehensively reviewed elsewhere.
96
  Here we 
will focus on other key mechanisms regulating selective translational in response to 
stress. 
1.4.1  Cap-independent Translation Initiation 
Not all the mRNAs bear the typical 5‟ cap structure.  The best characterized 
cap-independent translational mechanism is IRES.
97
  Originally discovered in 
picornavirus mRNAs, the IRES element in the 5‟UTR forms complex secondary 
structures that directly recruit ribosome subunits without the requirement of some or 
even all initiation factors.
98
  In addition to the typical IRES elements found in viral 
mRNAs, a growing body of evidence suggests that certain cellular mRNAs may use 
the similar IRES mechanism for cap-independent translation initiation.  This non-
canonical translation initiation often occurs during special conditions, such as 
differentiation, apoptosis, and cellular stress.
99
  Under genotoxic stress, transcripts 
encoding c-Myc, p53, X-linked inhibitor of apoptosis (XIAP) and B-cell 
CLL/lymphoma 2 (BCL-2) are translationally upregulated and these mRNAs are 
believed to contain IRES at their 5‟UTRs.100-102  During endoplasmic reticulum stress, 
the inhibitor of apoptosis protein HIAP2 undergoes IRES-mediated translational 
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induction.
103
  In response to hypoxia, translational increase of vascular endothelial 
growth factor (VEGF) and HIF-1 is also IRES-dependent.
104, 105
  Additionally, 
translation of cold inducible RNA binding protein (CIRP) and heat shock inducible 
BIP, BAG-1 is also thought to be mediated through IRES.
106, 107
  With individual 
experimental validation, the list of potential IRES-containing mRNAs is expanding 
rapidly.  Using an in vitro selection approach based on mRNA display, a recent study 
identified over 12,000 random genomic sequences that could act as cap-independent 
translation-enhancing elements (TEE).
108
  Interestingly, the TEE-enriched regions are 
overrepresented in the 5‟UTR, suggesting that cap-independent translational activities 
might be widespread in the human genome.  
Efficient IRES-mediated translation initiation requires RNA binding proteins 
that are known as IRES trans-acting factors (ITAFs).
109
  It is hypothesized that ITAFs 
may act as RNA chaperones to facilitate the formation of IRES secondary 
structures.
110
  However, our understanding of how IRES-ITAF interaction determines 
translation initiation is far from complete.  For several IRES-containing transcripts 
mentioned above, such as p53 and BAG-1, polypyrimidine tract binding protein (PTB) 
functions as the ITAF.
111, 112
  During starvation-induced yeast differentiation, an A-
rich element in the 5‟UTR of some mRNAs involved in invasive growth mediates 
internal initiation by recruiting polyA binding protein (Pab1).
113
  It is likely that 
different IRES elements and corresponding ITAF factors interplay in distinct manners.  
However, functional characterization of cellular proteins serving as ITAF has lagged 
far behind the identification of IRES elements.  It remains to be clarified whether the 
cellular IRES element functions in an exact same manner as the viral IRES. 
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The presence of both IRES and ITAF does not necessarily guarantee efficient 
cap-independent translation initiation.  Under normal growth conditions, the limiting 
translation machinery prefers canonical cap-dependent translation.  The functional 
balance between cap-dependent and cap-independent initiation underlies the central 
translational reprogramming in stress response.  Indeed, cap-independent translation 
dominates only when the general cap-dependent translation is inhibited by cellular 
stress.
114
  This explains why most IRES elements are found in genes whose protein 
products are involved in cell survival and cell death. Further supporting the 
coordination between cap-dependent and cap-independent translation, overactivation 
of nutrient signalling pathway mTORC1 compromises the cap-independent synthesis 
of stress proteins like Hsp70 and consequently attenuates stress responses.
115
  Taken 
together, cap-independent translation provides an effective means for escaping the 
global decline in protein synthesis, while permitting the selective translation of 
specific mRNAs. 
1.4.2 Alternative Translation Initiation 
Proper selection of the translation initiation site on mRNAs is crucial for the 
production of desired protein products.  In eukaryotes, ribosomal scanning is a well-
accepted model for start codon selection.
116
  It is commonly assumed that the first 
AUG codon that the scanning ribosome encounters serves as the start site for 
translation.  However, one or more potential initiation sites could exist upstream of the 
main start codon, forming upstream open reading frames (uORF).
117
  Likewise, many 
AUG codons downstream of the main start codon could also potentially serve as 
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initiators.  Many factors influence the start codon selection.  For instance, the initiator 
AUG triplet is usually in an optimal context with a purine at position -3 and a guanine 
at position +4.  The presence of mRNA secondary structure at or near the start codon 
also influences the recognition efficiency.  In addition to these cis sequence elements, 
the stringency of start codon selection is also subject to regulation by trans acting 
factors such as eIF1 and eIF1A.  Inefficient recognition of an initiator codon results in 
a portion of 43S PIC continuing to scan and initiating at a downstream site, in a 
process known as leaky scanning.  Many recent studies have uncovered a surprising 
variety of potential translation start sites in addition to the annotated start codons.  
Using ribosome profiling coupled with translation inhibitors specifically targeting the 
initiating ribosomes, several groups have identified multiple initiation sites in almost 
half of the transcripts in human and mouse transcriptome.
118, 119
  Intriguingly, many 
non-AUG codons, especially CUG, act as alternative start codons for initiating uORF 
translation. 
One expected consequence of alternative translation initiation is an expanded 
proteome diversity that has not been and could not be predicted by in silico analysis of 
AUG-mediated main ORFs.  Indeed, many eukaryotic proteins exhibit a feature of 
NH2-terminal heterogeneity presumably due to alternative translation.  Stress-
triggered alternative initiation may generate isoforms with different N-terminus, 
leading to distinct functions or cellular localization.
79
  One well-characterized example 
is C/EBP, a family of transcription factors that regulate the expression of tissue-
specific genes during differentiation.  C/EBP mRNA produces protein isoforms with 
opposite functions according to the level of upstream hormones and signals in a tissue-
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specific manner.
120
  Alternative start codon selection could also produce functionally 
distinct protein isoforms.  Such a strategy has been widely used by the compact 
genome in viruses.
121
  Comprehensive cataloguing of global translation initiation sites 
and the associated ORFs is just the beginning in unveiling the role of translational 
reprogramming in gene expression.  The illustration of alternative translation events in 
response to various stress conditions represents an exciting research field to be fully 
exploited. 
1.4.3 Regulatory uORFs 
It has been estimated that about 50% of mammalian transcripts contain at least 
one upstream open reading frame (uORF).
122
  Based on the leaky scanning model, the 
presence of uORFs is considered to suppress the translation efficiency of main ORFs.  
Indeed, ribosome profiling results showed a dramatic increase of uORF occupancy 
under stress conditions such as starvation, oxidative stress, heat shock and proteotoxic 
stress.
7, 77-79
  Interestingly, the ribosome occupancy of uORFs also increased during 
yeast meiosis and mouse stem cell differentiation.
119, 123
  How the up-regulation of 
uORF translation is achieved under these conditions remains incompletely understood.  
Despite the inhibitory role of uORF in the translation of most main ORFs, presence of 
some uORFs could stimulate the translation of mRNAs encoding stress responsive 
proteins.  The best characterized example is GCN4 in yeast or ATF4 in mammals.
124, 
125
  In the case of ATF4, it contains two uORFs in the 5‟UTR: one near the 5‟ terminus 
and the other overlapping with the main ORF but in different reading frames.  During 
normal growth conditions, the ternary complex is abundant and ribosome decodes the 
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first uORF as well as the second uORF.  Termination of uORF2 does not allow the 
initiation of the main ORF because of sequence overlapping.  Under stress conditions 
that trigger eIF2α phosphorylation, reduced ternary complexes formation leads to 
longer time for the scanning ribosome to acquire a ternary complex.  As a result, more 
ribosomes bypass the second uORF and become available to initiate from the 
downstream main ORF.  It is perplexing to find that uORFs play either stimulating or 
inhibiting roles in the translation of main ORFs.  This conundrum suggests that the 
uORF number, length, position, and other features might be critical for the overall 
regulatory effects.  Notably, UV-induced DNA damage triggers selective translation 
of mRNAs containing uORFs in the 5‟UTR, indicating that the ATF4-like regulatory 
mechanism is widely adopted by various stress conditions.
126
  It will be desirable to 
identify stress-specific genes whose mRNA translation depends on specific type of 
uORFs.  
In addition to regulatory roles of uORF mentioned above, the de novo 
translational products of uORF could have direct cellular functions.  For instance, 
small peptides generate by uORFs in fruit fly exert critical functions in 
development.
127
  Given the multiple roles of uORFs in translation control, the 
importance of UTR region in gene expression cannot be overemphasized.  Recent 
technical advances in capturing 5 termini of transcriptome have uncovered an 
unexpected heterogeneity of leader sequences in many transcripts.
128
  Remarkably, 
yeast cells produce mRNA isoforms with distinct ends under different growth 
conditions based on carbon sources.
129
  The 5‟end heterogeneity in transcripts is 
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supposed to generate a variety of uORF configuration, further supporting the critical 
role of uORF in modulating gene expression. 
1.4.4 Specialized Ribosomes 
As a ribonucleoprotein particle responsible for the catalysis of peptide bond 
formation, the ribosome has long been considered a “molecular machine” with little 
intrinsic regulatory potential.  A growing body of evidence suggests that ribosome 
heterogeneity prevails across species, under different developmental stages, and in 
varied tissues.
130
  Variation in ribosome composition, in both rRNA and ribosome 
proteins, provides a regulatory mechanism to the translation machinery.  A clear 
example is illustrated in E. coli, in which a stress-induced endonuclease MazF cleaves 
the 16S rRNA and removes the anti-Shine-Dalgarno sequence.
131
  The resultant “stress 
ribosome” selectively translates the leaderless mRNAs, a group of transcripts also 
generated by MazF.  Similar to the stress ribosome and transcripts generated by MazF 
in E. coli, eukaryotic cells might also rely on unique interactions between the 
distinctive component of specialized ribosomes and the cis-element on transcripts to 
achieve functional specificity.
132
  In yeast, deletion of RPS25 didn‟t affect cap-
dependent translation but influenced the IRES-mediated translation by hepatitis C 
virus (HCV) and cricket paralysis virus (CrPV).
133
  Whether RPS25 has similar 
specificity for cellular IRES remains to be elucidated.  In plant, RPL24 has been 
shown to promote re-initiation of ribosomes after completing the uORF translation, 
thereby promoting the translation of main ORFs.
134
 
 25 
There are an increasing number of observations that implicate the role of 
ribosome heterogeneity in selective translation, although mechanistic insight is still 
lacking.  In S. cerevisiae, most genes encoding ribosomal proteins have paralogue 
duplicates and contain introns.  A recent study revealed that deleting the intron from 
one gene copy affected the expression of the other in a nonreciprocal manner.
135
  As a 
result, removing introns within the ribosomal protein genes influenced the cell fitness 
and growth under stress.  These results suggest that ribosomes with distinct 
composition might form under stress conditions.  In mammals, certain ribosome 
proteins have been found to mediate transcript selectivity during translation.  For 
example, RPL38 is required for translation of Homeobox mRNAs during mouse 
development.
136
  A recent study reported that chicken erythrocytic progenitors 
transformed by v-erbA oncogene led to the formation of specialized ribosome devoid 
of PRL11.
137
  It remains to be elucidated how specialized ribosomes achieve the 
selectivity of specific mRNAs.  The interplay between specialized ribosomes and the 
cis sequence elements of transcripts adds a novel layer of translational control under 
stress conditions. 
 
1.5 Conclusions 
The field of translational reprogramming has made great progress over the past 
decade, in large part stemming from technological developments such as ribosome 
profiling.
8, 9
  The next decade should provide both a broader view of translational 
regulation, as huge data sets of translatome are integrated, and a vastly more detailed 
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view, as structural studies continuously uncover actions of the translation machinery at 
the atomic level.  The ability of cells to adapt to stress is crucial for their survival.  
Regulation of global protein synthesis coupled with selective translation allows cells 
to rapidly respond to a variety of stress conditions.  Although accumulating evidence 
has begun to divulge multiple signalling pathways in the stress response, more 
questions than answers are brought up by studies of cellular adaptation strategies 
involving translational reprogramming.  For instance, why is the translation of 
individual mRNA not equally affected by common effectors acting on cap recognition 
or ternary complex formation?  What are the precise mechanisms by which subsets of 
mRNAs override the repression of protein synthesis?  Given the fact that uORFs are 
frequent in genes with critical biological functions, how does evolution exploit this 
element for regulatory purposes?  With the prevailing mRNA modifications and 
complex ribosome heterogeneity, how is the imposing goal of coordinating the 
expression of thousands of transcripts achieved in a cell?  It will be exciting to watch 
the unveiling of answers to these questions and to see the inevitable elegant surprises 
that will emerge. 
As we gain better insight into the mechanisms of translation it is clear that the 
combination of emerging technologies will paint a multifaceted picture of this 
paramount cellular process.  Elucidating the mechanisms underlying translational 
reprogramming during stress will not only shed light on the fundamental principles of 
translation, but also provide deeper insight of the pathophysiology of human 
diseases.
138, 139
  Stress conditions are often an underlying cause of human diseases, 
including diabetes, neurodegenerative disorders, and cancer.  In particular, cancer cells 
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proliferate rapidly under limited nutrients and are relatively resistant to environmental 
stress.  It is thus critical to understand how abnormal cells alter stress responsive 
pathways at the translational level.  Interestingly, protein translation in cancer cells is 
coupled to the transcription network centered on heat shock factor 1 (HSF1) and this 
link supports the anabolic malignant phenotype.
140
  Disrupting this linkage using 
translation initiation inhibitors showed great promise in suppressing tumor growth.  A 
better understanding of translational reprogramming in stress response might 
ultimately lead to the development of new therapeutic strategies for human diseases. 
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CHAPTER 2 
 
Co-Translational Response to Proteotoxic Stress by Elongation Pausing of 
Ribosomes 
 
 
This work was submitted April 2012 and first published online on January 03, 2013, 
doi: 10.1016/j.molcel.2012.12.001. The manuscript was published as Liu B, Han Y, 
and Qian SB. Co-translational response to proteotoxic stress by elongation 
pausing of ribosomes. Mol Cell 2013; 49(3):453-463. Minor modifications have been 
made for reprint here.  
 
 
 
2.1 Abstract 
Translational control permits cells to respond swiftly to changing environment.  
Rapid attenuation of global protein synthesis under stress conditions has been largely 
ascribed to the inhibition of translation initiation.  Here we report that intracellular 
proteotoxic stress reduces global protein synthesis by halting ribosomes on transcripts 
during elongation.  Deep sequencing of ribosome-protected mRNA fragments reveals 
an early elongation pausing, roughly at the site where nascent polypeptide chains 
emerge from the ribosomal exit tunnel.  Inhibiting endogenous chaperone molecules 
by a dominant-negative mutant or chemical inhibitors recapitulates the early 
elongation pausing, suggesting a dual role of molecular chaperones in facilitating 
polypeptide elongation and co-translational folding.  Our results further support the 
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chaperone “trapping” mechanism in promoting the passage of nascent chains.  Our 
study reveals that translating ribosomes fine-tune the elongation rate by sensing the 
intracellular folding environment.  The early elongation pausing represents a co-
translational stress response to maintain the intracellular protein homeostasis. 
 
2.2 Introduction 
Protein misfolding imposes a major risk to the health of cells and organisms.  
An elaborate protein quality control (PQC) system has been laid down during 
evolution to maintain protein homeostasis – a delicate balance between protein 
synthesis, folding, and degradation (Bukau et al., 2006; Frydman, 2001; Hartl et al., 
2011).  Molecular chaperones are “cellular lifeguards” that govern the integrity of 
proteome.  By interacting with different co-chaperones and co-factors, Hsp70 family 
proteins actively participate in protein triage decisions from folding, degradation, to 
aggregation (McClellan et al., 2005; Zhang and Qian, 2011).  Most recent studies 
highlighted the robust network of chaperones acting co-translationally on nascent 
chains in eukaryotic (del Alamo et al., 2011) as well as prokaryotic cells (Oh et al., 
2011).  Interestingly, prokaryotes and eukaryotes have evolved distinct ribosome-
associated chaperone systems (Kramer et al., 2009).  In S. cerevisiae, two ribosome-
associated systems interact with newly synthesized polypeptides, the nascent chain-
associated complex (NAC) and the Hsp70-based Ssb/Ssz/Zuo triad system (Kampinga 
and Craig, 2010).  Both systems are physically located in close proximity at the 
peptide exit tunnel of ribosomes.  The ribosome-associated chaperone system also 
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exists in mammals, although its functionality is not fully understood (Jaiswal et al., 
2011).   Despite the wide appreciation of the impact that this chaperone system may 
have on co-translational folding, little is known about how the ribosome-associated 
chaperone system regulates the process of translation per se. 
mRNA translation can be divided into three stages - initiation, elongation and 
termination.  Regulation of translation occurs predominantly during initiation phase 
(Sonenberg and Hinnebusch, 2009; Spriggs et al., 2010).  The initiation is a complex 
multi-step process governed by a large number of protein factors and involves mRNA 
5‟-cap recognition, scanning and start codon recognition (Gray and Wickens, 1998; 
Jackson et al., 2010).  Much attention has been focused on the role of translation 
initiation factors (eIFs) in the assembly of elongation-competent ribosome complexes.  
However, after the commitment of polypeptide synthesis, the regulatory steps during 
elongation remain poorly understood.   
Given the fact that translation consumes a lion‟s share of energy, cells often 
reduce global protein synthesis under most, if not all, types of adverse conditions.  The 
global repression of protein synthesis not only saves the cellular energy, but also 
relieves the burden of the PQC system due to the less protein production (Holcik and 
Sonenberg, 2005).  Current models for the mechanism governing this translational 
attenuation are largely limited to the initiation stage.  For instance, eIF4F complex-
mediated cap recognition and eIF2-controlled ternary complex formation are key 
initiation targets in controlling global mRNA translation (Ma and Blenis, 2009; Ron 
and Walter, 2007).   In response to stresses, the shutdown of protein synthesis is, in 
general, mediated either by the inhibition of 43S complex loading to the 5‟ end cap 
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and/or reducing the amount of ternary complex that is available.  Despite the well-
documented role of these initiation regulators, it remains surprisingly obscure whether 
the 80S ribosome, once assembled on the mRNA, maintains the responsiveness to 
protein misfolding during elongation.   
Here we report that proteotoxic stress triggers ribosomal pausing during 
elongation.  Remarkably, the pausing occurs primarily near the site where nascent 
polypeptide chains emerge from the ribosomal exit tunnel.  We demonstrate that the 
early elongation pausing is induced by the sequestration of chaperone molecules by 
misfolded proteins.  Our results expand the critical role of chaperone molecules form 
co-translational folding to polypeptide elongation.  The early elongation pausing of 
ribosomes thus represents a mechanism of co-translational stress response to maintain 
intracellular protein homeostasis. 
 
2.3 Results  
2.3.1 Proteotoxic Stress Attenuates Global Protein Synthesis 
Intracellular accumulation of misfolded proteins is a common feature of a variety of 
stress conditions.  To induce misfolding of newly synthesized polypeptides without 
massively perturbing cellular functions, we used an amino acid analog L-azetidine-2-
carboxylic acid (AZC) that competes with proline during amino acid incorporation 
(Goldberg and Dice, 1974).  Once incorporated into proteins in place of proline, AZC 
potently induces protein misfolding and degradation (Qian et al., 2010; Trotter et al., 
2002).  Pre-exposure of HEK293 cells to 10 mM AZC resulted in a marked reduction 
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of [
35
S] incorporation (Figure 1A).  In agreement with the enhanced degradation of 
AZC-incorporated polypeptides, pulse-chase analysis showed an increased turnover of 
[
35
S] labeled proteins in the presence of AZC (Figure S1A).   We asked whether 
proteasome inhibition would prevent the loss of [
35
S] incorporation by blocking the 
degradation.  To our surprise, adding proteasome inhibitor MG132 further decreased 
the total amount of [
35
S] incorporation (Figure 1A).  This was not due to the side 
effects of MG132 because adding this inhibitor alone only partially reduced the level 
of [
35
S] incorporation.  Since the AZC-induced misfolded polypeptides progressively 
accumulate under proteasome inhibition, it appears that the intracellular proteotoxic 
stress triggers a rapid attenuation of translation.  To substantiate this finding further, 
we analyzed the polysome profiles by velocity sedimentation of lysates in sucrose 
gradients.  Treatment with either AZC or MG132 alone had minor effects on the 
polysome formation (Figure 1B).  In contrast, the presence of both AZC and MG132 
markedly disassembled the polysomes with an approximately 5 fold decrease in the 
polysome/ monosome (P/M) ratio.   
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Figure 2-1. Proteotoxic stress attenuates protein synthesis by affecting translation 
elongation. 
(A) Global protein synthesis in HEK293 cells treated with either 10 mM AZC, or 20 µM 
MG132, or both.  [35S] radioactivity of trichloroacetic acid (TCA)-insoluble material was 
measured at given times.  Means ± SEM of four experiments are shown.   
(B) Polysome profiles were determined using sucrose gradient sedimentation.  HEK293 cells 
were pre-treated with either 10 mM AZC, or 20 µM MG132, or both for 60 min followed by 
polysome preparation.  P/M ratio is calculated by comparing areas under the polysome and 
80S peak.   
(C) HEK293 cells were treated with increasing doses of AZC (from 0 to 25 mM with 5-fold 
dilution) in the presence of 20 µM MG132 for 60 min, or increasing doses of NaAsO2 (from 0 
to 1 mM with 2-fold dilution) for 60 min (left two panels), followed by immunoblotting using 
antibodies as indicated.  The right two panels show the immunoblotting results of cells treated 
with 10 mM AZC and 20 µM MG132 or 500 µM NaAsO2 for various times (0, 10, 30, 60, 
120, and 180 min).   
(D) The ribosomal half-transit time was determined in the absence or presence of 10 mM AZC 
and 20 µM MG132.  Fitting lines of [35S] incorporation into total (filled circle) and completed 
(open triangle) protein synthesis are obtained by linear regression.  Means ± SEM of three 
experiments are shown.   
(E) Schematic for nascent chain immunoprecipitation assay to differentiate elongation defect 
from initiation deficiency (left panel).  HEK293 cells expressing Flag-GFP were pre-treated 
with 10 mM AZC and 20 µM MG132 or 500 µM NaAsO2 for various times (0, 10, 30, 60, 
120, and 180 min).  Immuno-precipitation was performed using anti-Flag antibody-coated 
beads followed by immunoblotting with anti-RpS6 antibody.  The 0 time point serves as the 
control condition without any drug treatment.  See also Figure 2-S1. 
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2.3.2 Proteotoxic Stress Affects Primarily Translation Elongation 
To investigate the mechanisms underlying the proteotoxic stress-induced 
translational attenuation, we examined the phosphorylation status of eIF2α, a 
prominent initiation regulator in the unfolded protein response (Ron and Walter, 
2007).  In contrast to sodium arsenite (NaAsO2), a known inducer of eIF2α 
phosphorylation, treating cells with both AZC and MG132 at increasing doses and for 
extended times had little effect on eIF2α phosphorylation (Figure 1C).  Additionally, 
we observed no change in the phosphorylation of S6 and its kinase S6K1, one of the 
downstream targets of mammalian target of rapamycin complex 1 (mTORC1) 
(Jackson et al., 2010; Ma and Blenis, 2009) (Figure S1B).  Thus, the intracellular 
proteotoxic stress does not affect primarily the translation initiation regulators, at least 
in the early stage. 
We next examined whether proteotoxic stress inhibits protein synthesis by 
interfering with post-initiation events, such as elongation.  One way to distinguish 
elongation from initiation is the formation of stress granules (SG).  Inhibiting 
translation initiation triggers SG formation, whereas blocking translation elongation 
prevents this process (Buchan and Parker, 2009; Kedersha et al., 2000).  Unlike 
sodium arsenite treatment that induced an evident SG formation, adding both AZC and 
MG132 to cells failed to induce any discernible SG formation (Figure S1C).  Thus 
proteotoxic stress likely affects translation elongation rather than initiation.  To assess 
independently whether the reduced protein synthesis under proteotoxic stress was 
primarily due to defective elongation, we determined ribosomal transit times in these 
cells.   The ribosomal transit time refers to the time required for a ribosome, after 
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initiation, to traverse an average-sized mRNA and release the completed polypeptide 
chain (Nielsen and McConkey, 1980).  The estimated half-transit time (t1/2) in the 
presence of both AZC and MG132 (44s) was ~1.6 fold longer than that in control cells 
(27s) (Figure 1D), confirming that proteotoxic stress significantly reduced the 
elongation rate of polypeptide synthesis.  Additionally, we conducted an elongation 
chase experiment using a synthesized firefly luciferase (Fluc) mRNA in lysates 
programmed from cells with or without proteotoxic stress.  Compared to the control, 
the stressed cell lysates showed a delayed accumulation of Fluc activity (Figure S1D), 
further indicating a slowdown of elongation process under proteotoxic stress. 
To examine whether the stalled ribosome during elongation was still associated 
with the newly synthesized polypeptide, we performed nascent chain 
immunoprecipitation followed by detection of ribosomal small subunit S6 (RpS6).  
We established a HEK293 cell line stably expressing a GFP reporter with an NH2-
terminal Flag-tag (Figure 1E).  We enriched the ribosome complexes bearing the 
partially synthesized GFP by anti-Flag immunoprecipitation.  Arsenite treatment led to 
a progressive loss of the associated RpS6 in a time course-dependent manner (Figure 
1E, right top panel), which is consistent with the inhibition of translation initiation.  
Remarkably, treating cells with both AZC and MG132 resulted in an accumulation of 
RpS6 in the anti-Flag precipitates, a clear evidence of paused ribosomes on the mRNA 
during elongation.  The prolonged ribosome association with the nascent chain persists 
in the polysome fractions of these cells (Figures S1E and S1F).  Taken together, our 
results strongly indicate that proteotoxic stress acts at the level of translation 
elongation to suppress protein synthesis. 
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Figure 2-S1. Proteotoxic stress attenuates protein synthesis by affecting translation 
elongation. Related to Figure 2-1. 
(A) Proline analog AZC induces misfolding and degradation of newly synthesized 
polypeptides.  HEK293 cells were pre-treated with 10 mM AZC for 1 h followed by pulse 
labeling of [
35
S] Met-Cys for 10 min in the presence of AZC.  A chase was performed with 
unlabeled medium in the absence of AZC.  TCA-insoluble radioactivity was measured for cell 
aliquots at given time points.  Means ± SD of two experiments are shown. 
(B) Proteotoxic stress does not primarily affect mTORC1 signaling.  HEK293 cells were 
treated with increasing doses of AZC (from 0 to 25 mM with 5-fold dilution) and 20 µM 
MG132 for 60 min, followed by immunoblotting using antibodies as indicated.   Cells were 
treated with 20 nM rapamycin or 50 µM LY294002 for 3 h as negative controls, whereas 10% 
FBS re-feeding and 2 µM insulin stimulation for 15 min as positive controls for mTORC1 
signaling. 
(C) Proteotoxic stress does not trigger the stress granule formation in cells.  HeLa cells were 
treated with 500 µM NaAsO2 or 10 mM AZC and 20 µM MG132 for 60 min followed by 
immunostaining using anti-TIAR antibody (green channel) and anti-eIF4E (red channel).  
Nuclei were counterstained with Hoechst.  Bar: 10 µm. 
(D) Ribosome elongation chase assay in lysates derived from cells with or without proteotoxic 
stress.  Top panel shows a schematic for elongation chase assay using a synthesized Fluc 
mRNA in an in vitro translation system programmed from cell lysates.  Aurintricarboxyllic 
acid (ATA) is used to inhibit translation initiation after ribosome loading.  Bottom panel 
shows the kinetics of Fluc activity accumulation during in vitro translation in lysates derived 
from cells with or without proteotoxic stress. Mean ± SD is shown. 
(E) HEK293 cells expressing Flag-GFP were treated with 10 mM AZC and 20 µM MG132 
for 60 min followed by sucrose gradient sedimentation. Polysome fractions were immune-
precipitated using anti-Flag antibody-coated beads followed by immunoblotting of RpS6. 
(F) HEK293 cells expressing Flag-GFP were pre-treated with 500 µM NaAsO2 (top panel) or 
10 mM AZC and 20 µM MG132 (bottom panel) for various times (0, 10, 30, 60, 120, and 180 
min).  Immunoprecipitation was performed using anti-Flag antibody-coated beads followed by 
immunoblotting with anti-RpS20 antibody. 
 
2.3.3 Proteotoxic Stress Triggers Early Elongation Pausing of Ribosomes 
A defective translation elongation should result in slower ribosome run-off and 
the retention of polysomes (Saini et al., 2009).  It is surprising to find that the 
polysomes were largely disassembled in cells treated with both AZC and MG132 
(Figure 1B).  We considered the possibility that proteotoxic stress primarily induced 
ribosomal pausing at the early stage of elongation, thereby creating a road block for 
following ribosomes.  To provide a definitive assessment of ribosome positions on 
mRNAs under proteotoxic stress, we isolated the ribosome protected mRNA 
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fragments (RPFs) and performed deep-sequencing using methods reported previously 
(Ingolia et al., 2009).  RPF reads obtained from cells with or without proteotoxic stress 
were of equal quality as evidenced by the similar size distribution and strong 3-nt 
periodicity after alignment.  Notably, AZC and MG132 treatment did not result in 
global variation in overall ribosome density along each transcript (r = 0.9825) (Figure 
2A).  To directly visualize the pattern of RPF distribution on individual transcripts, we 
built a ribosome density map across the entire transcriptome (Figure 2B).  Compared 
to control cells, the presence of both AZC and MG132 led to a clear enrichment of 
RPF density at the 5‟ end of coding sequences (CDS) on the vast majority of mRNAs.  
Meta-gene analysis revealed a pronounced accumulation of RPF reads within the first 
50 codon region of transcripts in cells treated with both AZC and MG132 (Figure 2C).  
We defined the ribosome pausing index (PI) of individual transcript by calculating the 
normalized ribosome density within a 50-codon window from start codon (5‟PI) or 
stop codon (3‟PI) respectively.  In cells under proteotoxic stress, the median 5‟PI 
showed more than 2-fold increase as compared to control cells (Figure 2D).  
Intriguingly, proteotoxic stress also caused an elevation of RPF density in the 5‟ 
untranslated region (5‟UTR) (Figure 2C), an indication of wide-spread alternative 
initiation under stress conditions.   
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Figure 2-2. Intracellular proteotoxic stress triggers early elongation pausing of 
ribosomes. 
(A) HEK293cells were treated with 10 mM AZC and 20 μM MG132 for 60 min before 
ribosome profiling. Ribosome densities of cells with or without treatment are plotted for 
comparison. The density in reads per kilobase of coding sequence per million mapped reads 
(rpkM) is a measure of overall translation along each transcript. 
(B) Ribosome density heat-maps of cells with or without treatment. The entire transcriptome 
is sorted based on total RPF reads and the top 15,000 transcripts are aligned in row. Both the 
first and last 160 codon regions of CDS are shown, together with flanking 40 codon 
untranslated regions. Read density is represented in blue. White indicates regions without 
reads, whereas yellow indicates regions without sequence. A short 5′ UTR has yellow region 
before the AUG, whereas a short 3′ UTR has yellow region after the stop codon. 
(C) Metagene analysis of early ribosome pausing of cells with or without treatment. 
Normalized RPF reads are averaged across the entire transcriptome, aligned at either their start 
(left panel) or stop (right panel) codon, and plotted as smoothed lines. 
(D) Ribosome pausing index (PI) is determined in a 50 codon window at the beginning (5′ 
end) and end (3′ end) of CDS, respectively. Both the 5′ and 3′ PI of each transcript in cells 
with or without treatment are shown in box plots with single dots as 5th and 95th percentile. 
(E) Distribution of 5′PI changes in cells with proteotoxic stress. The log2 change of 5′PI after 
AZC and MG132 treatment is plotted, with the increase shown in gray bar and the decrease in 
black. 
(F) Changes of 5′PI and 3′PI after AZC and MG132 treatment. The log2 change is computed 
across the entire transcriptome, and presented as a scatter plot with green dots for genes 
encoding ribosome subunits (RP) and red dots for mitochondria-encoded genes (Mito). 
(G) A typical example of early elongation pausing under proteotoxic stress. RPF reads density 
is shown on the CDS of RPS5 with or without AZC and MG132 treatment. See also Figure 2-
S2-S4. 
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A large portion of mRNAs showed an increased 5‟PI in response to 
proteotoxic stress (Figure 2E, grey bar).  However, a small group of transcripts 
showed less change or even decreased 5‟PI (Figure 2E, black bar).  At the 
transcriptome level, neither the CDS length nor the overall translation had any strong 
correlation with the changes of 5‟PI (Figures S2A and S2B).  Gene ontology (GO) 
analysis revealed that genes involving ATP synthesis (e.g., mitochondria-encoded 
genes) were enriched in the group with decreased 5‟PI in response to proteotoxic 
stress (Figures S2C, S2D and Figure 2F).  In contrast, genes with increased 5‟PI were 
involved in cellular processes like RNA metabolism and translation (e.g., ribosomal 
proteins).  As a typical example, proteotoxic stress led to a clear ribosome 
accumulation near the beginning of RPS5 CDS region (Figure 2G). 
Through an independent biological replicate, we confirmed the early 
elongation pausing of ribosomes in response to proteotoxic stress (Figure S3).  The 
global RPF distribution was highly reproducible across the replicates (Figure S3E).  
Notably, treatment with either AZC or MG132 alone had little effects on the ribosome 
dynamics (Figure S4A and S4B).  In particular, we saw no unique pausing sites at 
individual codon in the presence of AZC (Figure S4C).  These results argue that the 
presence of AZC-charged tRNA neither perturbs the intracellular pool of amino acids 
nor alters the behavior of translating ribosomes.  Therefore, it is the accumulation of 
misfolded proteins that triggers the early elongation pausing. 
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Figure 2-S2. Characterization of early ribosome pausing in response to proteotoxic stress 
by ribosome profiling.  Related to Figure 2-2. 
(A) The log2 changes of 5‟PI across the entire transcriptome after AZC and MG132 treatment 
were plotted against the CDS length of each transcript. 
(B) The log2 changes of 5‟PI across the entire transcriptome after AZC and MG132 treatment 
were plotted against the overall translation of each transcript as measured by reads per 
kilobase million (rpkM). 
(C) GO analysis of genes with increased 5‟PI (A) and decreased 5‟PI (B) in response to 
proteotoxic stress.  The percentage enrichment is plotted on the bottom axis (red line). The 
significance of the enrichment (bar) is plotted on the top axis as −log10 of P-values; the higher 
the value, the more significant the enrichment. 
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Figure 2-S3. Proteotoxic stress triggers early ribosome pausing in biological replicates.   
Related to Figure 2-2. 
(A) Meta-gene analysis of early ribosome pausing in HEK293 cells treated with either 10 mM 
AZC, or 20 µM MG132, or both.  Normalized RPF density profiles over the entire 
transcriptome, aligned at their start codon, are shown for the first 100-codon region. 
(B) Changes of RPF density on 5‟UTR after proteotoxic stress.  RPF reads density on 5‟UTR 
after different drug treatments was shown as a ratio of CDS reads. 
(C) Ribosome pausing index at the 5‟ end of CDS was determined in a 50-codon window and 
shown in box plots. 
(D) The log2 changes of 5‟PI across the entire transcriptome after different treatments were 
determined by direct comparison to the control. 
(E) Scatter plots show the RPF densities of two biological replicates. 
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Figure 2-S4. Treatment with AZC or MG132 alone has limited effects on the pattern of 
RPF reads distribution. Related to Figure 2-2. 
(A) The log2 changes of 5‟PI and 3‟PI across the entire transcriptome after different treatments 
were determined by direct comparison to the control and plotted as scatter plots. 
(B) Comparison of RPF distribution on FRB*-GFP transcript before and after different drug 
treatments as indicated.  Blue peaks (left axis) represent normalized RPF reads on a codon 
basis, whereas the red line (right axis) represents the LOESS smoothed trend line for single 
codon peak ratio (sampling proportion = 0.2). LOESS: locally weighted scatterplot smoothing. 
(C) RPF reads from cells under different treatments were used to determine the codon 
compositions at the ribosome A-site.  Codons encoding same amino acids were summed and 
the RPF frequency on codons encoding individual amino acids was computed.  Compared to 
control cells, the relative change of RPF frequency after different treatments was plotted. 
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2.3.4 A Dominant-Negative Hsc70 Mutant Induces Early Elongation Pausing of 
Ribosomes 
The approximate 50 codon region where the elongation pausing occurs under 
proteotoxic stress corresponds remarkably well to the length of polypeptide needed to 
fill the exit tunnel of the ribosome (approximately 30-40 amino acids in extended 
conformation) (Kramer et al., 2009).  This raises an intriguing possibility that the 
changing environment of nascent polypeptides from the ribosome tunnel to the cytosol 
might influence the dynamics of translating ribosomes.  Within the cellular 
environment, the emerging nascent chains interact with molecular chaperones that 
guide their folding process.  At the forefront is Hsc/Hsp70 that transiently associates 
with a large fraction of nascent chains (Frydman, 2001; Hansen et al., 1999; 
Kampinga and Craig, 2010).  This led us to hypothesize that the accumulated 
misfolded proteins titrate out the intracellular chaperone pool and the lack of 
chaperone association might prevent nascent chains from protruding out of the 
ribosome exit tunnel.  The elongation slowdown at this position likely causes 
ribosomes to pile up over the first 50-codon region. Supporting the notion that 
proteotoxic stress sequesters intracellular chaperone molecules, we observed a 
progressive loss of ribosome associated Hsc70 along with AZC and MG132 treatment 
(Figure 3A).  To test the hypothesis that reduced chaperone availability leads to an 
early elongation pausing, we first used a dominant-negative mutant Hsc70 (K71M), 
which sequesters and inactivates the endogenous Hsc70 molecules (Newmyer and 
Schmid, 2001).  The integrated “tet-off” system allows a rapid induction of the 
transgene expression in HeLa-tTA cells after removal of doxycycline (Dox) (Figure 
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S5A).  After 12h of transgene induction by removal of Dox, [
35
S] metabolic labeling 
revealed ~ 40% decrease of the global protein synthesis (Figure 3B).  Similar to cells 
treated with both AZC and MG132, Hsc70(K71M) expression caused disassembly of 
polysomes with a concomitant increase of 80S peak (Figure 3C).   
 
Figure 2-3. Disrupting endogenous Hsc70 recapitulates the effects of proteotoxic stress 
on early elongation pausing.   
(A) Sucrose cushion analysis of ribosome-associated Hsc70 along with AZC and MG132 
treatment.  Both the total and ribosome pellet were immunoblotted using antibodies as 
indicated.   
(B) Global protein synthesis was analyzed in HeLa-tTA cells infected with adenoviruses 
expressing Hsc70(WT) and Hsc70(K71M).  Transgene expression was induced by 12 h Dox 
removal.  [35S] radioactivity of TCA-insoluble material was measured at given times.  Means 
± SEM of three experiments are shown.   
(C) Polysome profiles were determined from cells as in (B) using sucrose gradient 
sedimentation.   
(D) Meta-gene analysis for early elongation pausing in cells with or without Hsc70(K71M) 
expression.  Normalized RPF reads are averaged across the entire transcriptome, aligned at 
either their start (left panel) or stop (right panel) codon.   
(E) Both the 5‟ and 3‟ PI of each transcript in cells with or without Hsc70(K71M) expression 
are shown in box plots.   
(F) Changes of 5‟PI and 3‟PI after Hsc70(K71M) expression. The log2 change is computed 
across the entire transcriptome and presented as a scatter plot with green dots for genes 
encoding ribosome subunits and red dots for mitochondria- encoded genes.  See also Figure 2-
S5. 
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To evaluate whether Hsc70(K71M) expression leads to an early elongation 
pausing, we performed deep sequencing of RPFs extracted from the polysomes of 
HeLa-tTA cells with or without transgene induction.  Meta-gene analysis revealed a 
modest excess (~1.6-fold) in density over the initial 50 codons after Hsc70(K71M) 
expression (Figure 3D and 3E).  This is similar in pattern, but of smaller magnitude of 
early elongation pausing seen in cells treated with both AZC and MG132 (Figure 2B).  
We repeated the experiment and obtained the similar extent of elongation pausing in 
the presence of Hsc70(K71M) (Figure S5).  Similar to AZC and MG132 treatment, 
there was an evident separation between genes encoding ribosome subunits and 
mitochondria proteins in response to the Hsc70(K71M) expression (Figure 3F).  The 
5‟PI changes also showed a good correlation between the two conditions (r = 0.65), 
although different cell lines were used (Figure S5F).  Thus, interfering with 
endogenous Hsc70 recapitulates the effects of the proteotoxic stress in triggering early 
elongation pausing. 
 
 59 
Figure 2-S5. Characterization of early ribosome pausing after inhibiting endogenous 
Hsc70 by expressing a dominant-negative mutant.  Related to Figure 2-3. 
(A) HeLa-tTA cells were infected with adenoviruses expressing Hsc70(WT) and 
Hsc70(K71M).  The expression levels of both transgene and endogenous genes were 
determined by immunoblotting after 12 h induction by Dox removal. 
(B) Meta-gene analysis of early ribosome pausing in cells with or without Hsc70(K71M) 
expression.  Normalized RPF density profiles over the entire transcriptome, aligned at their 
start codon, are shown for the first 100-codon region. 
(C) Ribosome pausing indices at 5‟ and 3‟ end of CDS in cells with or without Hsc70(K71M) 
expression were shown in box plots. 
(D) A typical example of early ribosome pausing under Hsc70(K71M) expression.  RPF reads 
density was shown on the CDS of RPS5 with or without Hsc70(K71M) expression. 
(E) Correlation of 5‟PI between replicates with Hsc70(K71M) expression. 
(F) Scatter plot of 5‟PI change (log2) between HeLa-tTA cells expressing Hsc70(K71M) and 
HEK293 cells with AZC and MG132 treatment. 
 
 
Figure 2-S6. Chaperone levels in cells after treatment with specific chaperone inhibitors.  
Related to Figure 2-4. 
HEK293 cells were treated with 100 µM VER, 50 µM PES, or 1 µM GA for 1 h. Whole cell 
lysates were used for immunoblotting using antibodies indicated.  
 
2.3.5 Direct Hsc/Hsp70 Inhibition Induces Early Elongation Pausing of 
Ribosomes 
The dominant-negative Hsc70(K71M) mutant induced a rather weak 
elongation pausing when compared to AZC and MG132 treatment.  It was likely due 
to an adaptive stress response under 12 h of Hsc70(K71M) expression, in which the 
subsequent induction of Hsp70 compromised the early elongation pausing (Figure 
S5A).  In contrast, 1 h of AZC and MG132 treatment did not yet trigger Hsp70 
expression due to the time lag.  Additionally, the continuous presence of the analog 
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prevents the production of functional chaperones, if any.  To address whether 
chaperones play a direct role in translation elongation, we applied several specific 
chaperone inhibitors to HEK293 cells and monitored global protein synthesis (Figure 
4A).  VER-155008 is a potent inhibitor of the Hsp70 family chaperones (Massey et al., 
2010), whereas 2-phenylethyenesulfo-namide (PES) acts as a direct inhibitor of stress-
inducible Hsp70 (Leu et al., 2011).  We also included a specific Hsp90 inhibitor 
geldanamycin (GA) to examine the role of different chaperones in ribosome behavior.  
To minimize the compensatory stress response, we only treated cells with these 
inhibitors for 1 h.  This short treatment allows us to capture direct effects of chaperone 
inhibition without inducing massive accumulation of misfolded proteins.   
Metabolic radiolabeling analysis revealed that both VER and PES potently 
inhibited [
35
S] incorporation, whereas the Hsp90 inhibitor GA slightly reduced the 
level of global protein synthesis (Figure 4B).  The extent of translation repression was 
also reflected in the pattern of polysome profile, in which the inhibitors of Hsp70 
family protein, but not Hsp90, disassembled the polysome (Figure 4C).  Despite the 
most severe inhibition of protein synthesis, 1 h treatment of VER resulted in little 
accumulation of ubiquitin conjugated species in cells (Figure 4D).  In addition, the 
steady state chaperone levels remained unchanged in the presence of these inhibitors 
(Figure S6), suggesting that the stress response after 1 h of chaperone inhibition was 
minimal.  We next performed deep sequencing of RPFs derived from the cells treated 
with these chaperone inhibitors. Meta-gene analysis revealed a prominent excess of 
ribosome density over the first 50-codon region in cells treated with either VER or 
PES (Figure 4E, 4F).  Only minor effect was observed after GA-mediated Hsp90 
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inhibition. Collectively, these results indicate that direct inhibition of Hsp70 family 
proteins triggers early elongation pausing of ribosomes. 
 
 
Figure 2-4. Direct Hsc/Hsp70 inhibition induces early elongation pausing of ribosomes 
(A) Schematic for chaperone targets of small molecule inhibitors. VER155008 inhibits Hsc70, 
Hsp70 and Grp78 (not shown); PES selectively inhibits Hsp70; whereas geldanamycin (GA) 
is a specific inhibitor of Hsp90. 
(B) Global protein synthesis was analyzed in HEK293 cells treated with 100 µM VER, 50 µM 
PES, or 1 µM GA for 1 h.  [35S] radioactivity of TCA-insoluble material was measured at 
given times.  Means ± SEM of three experiments are shown. 
(C) Polysome profiles were determined from cells treated with chaperone inhibitors as in (B) 
using sucrose gradient sedimentation. 
(D) Immunoblotting of whole cell lysates from cells treated with chaperone inhibitors as in 
(B). 
(E) Meta-gene analysis for early elongation pausing in cells treated with chaperone inhibitors 
as in (B).  Normalized RPF reads are averaged across the entire transcriptome, aligned at their 
start codon. 
(F) The 5‟ PI of each transcript in cells treated with chaperone inhibitors as in (B) are shown 
in box plots.  See also Figure 2-S6. 
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2.3.6 Co-translational Interaction of Nascent Chains Influences Elongation 
Rate 
Hsp70 family proteins, including BiP of the endoplasmic reticulum and 
mtHsp70 of the mitochondrion, are essential for protein translocation across the 
membrane via unidirectional pulling (Jensen and Johnson, 1999).  It is likely that the 
cytosol Hsc/Hsp70 uses the similar mechanism to pull the emerging polypeptide out of 
the ribosome exit tunnel.  Two models have been proposed to describe how Hsp70 can 
generate such driving force: “trapping” and “power stroking” (Goloubinoff and De 
Los Rios, 2007).  While both models rely on direct interactions, the latter requires 
ATP hydrolysis.   We hypothesize that the Hsc/Hsp70 “trapping” might be sufficient 
to exert an entropy pulling force because most nascent chains emerging the exit tunnel 
are unfolded.  To investigate whether co-translational protein interaction would 
generate the “pulling” force for the ribosome-bound nascent chain, we utilized the 
hetero-dimerization property of FRB (FKBP12-rapamycin binding domain) and FKBP 
(FK506 binding protein), whose high affinity binding can be induced by the small 
molecule rapamycin (Choi et al., 1996; Qian et al., 2009).  We constructed a fusion 
protein FRB-GFP in order to evaluate whether the association of the NH2-terminal 
FRB domain with the added FKBP protein during translation would affect the 
elongation rate of the carboxyl terminal GFP.  In an in vitro translation system based 
on rabbit reticulocyte lysate (RRL), we compared the translation efficiency of FRB-
GFP after supplementation with the recombinant FKBP protein.  Remarkably, upon 
addition of 1 µM rapamycin to the RRL, the kinetics of FRB-GFP completion showed 
a significant acceleration (Figure 5A, left panel).  We observed the similar effects after 
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swapping the FRB and FKBP domains (Figure 5A, right panel).  Thus, co-
translational interaction between nascent chains and specific binding partners 
promotes the elongation of emerging polypeptides.   
In order to extend these findings from RRL to mammalian cells, we utilized a 
well-characterized rapamycin analog AP21967 (rapalog) and a mutant FRB domain 
(FRB*) to avoid interfering with the endogenous mTOR function (Klemm et al., 
1998).  A HEK293 cell line stably expressing FRB*-GFP was transfected with 
plasmid-borne FKBP.  After 60 min of pre-incubation with rapalog, polysome 
fractions were isolated followed by deep sequencing of RPFs.  Notably, the presence 
of rapalog had little effect on the pattern of RPFs across the entire transcriptome 
(Figure S7).  However, the FRB*-GFP transcript exhibited an altered distribution of 
RPF reads after rapalog treatment (Figure 5B).  When the total reads mapped to the 
FRB* domain were normalized to be equal, rapalog treatment resulted in a 34% 
decrease of the average RPF density in the coding region of GFP (Figure 5B, bottom 
panel).  Single codon comparison revealed that the reduction of RPF reads mainly 
occurred at the ribosome pausing sites of GFP.  Since the RPF density on a given 
codon is proportional to the average ribosome dwell time there, the reduced ribosome 
density after co-translational interaction between FRB* and FKBP suggests an 
accelerated elongation for the remaining polypeptide. 
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Figure 2-5. Co-translational interaction of nascent chains facilitates the elongation of 
polypeptides.   
 (A) Effects of FKBP (blue ball) on the in vitro translation of FRB-GFP (red ball) in the 
absence or presence of 1 µM rapamycin (left panel).  The right panel shows the effects of FRB 
(red ball) on the in vitro translation of FKBP-GFP (blue ball) in the absence or presence of 1 
µM rapamycin.  Autoradiography of full length GFP fusion protein is quantitated and plotted 
as a function of time.   
(B) HEK293 expressing FRB*-GFP was transfected with the plasmid encoding FKBP.  Cells 
were pre-treated with 1 µM rapalog for 60 min before polysome profiling.  The RPF density 
profiles are shown for the transgene FRB*-GFP with and without rapalog treatment.  The RPF 
reads density is normalized based on the FRB* domain.  The average change of RPF density 
over the entire GFP region (blue dot line) and single codon change (green line) are plotted 
together (Wilcoxon signed-rank test, p-value = 3 × 10-4).  See also Figure 2-S7. 
(C) Schematic of experimental design using recombinant Hsc70 protein to restore translation 
efficiency using an in vitro translation system programmed from cells with or without 
proteotoxic stress.  The right panel shows the relative translation efficiency of a synthesized 
bicistronic mRNA containing a polio IRES element between Rluc and Fluc.  Error bar: SEM.  
**, p < 0.001. 
(D) The in vitro translation system as (C) was used to translate a synthesized Fluc mRNA in 
the absence or presence of recombinant Hsc70.  Error bar: SEM. **, p < 0.01. 
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Figure 2-S7. Rapalog treatment has little effects on the distribution of RPF reads.  
Related to Figure 2-5. 
(A) RPF densities of cells with or without rapalog were plotted for comparison. 
(B) An example of endogenous gene that shows no changes of RPF density pattern in the 
presence of rapalog.  RPF reads density was shown on the CDS of Actb with or without 
rapalog. 
 
2.3.7 Increasing Chaperone Availability Restores Translation Efficiency  
The functional connection between chaperone availability and translation 
elongation underscores the central role of chaperones in protein homeostasis.  Based 
on our results, we expected that chaperone overexpression might prevent the 
translation inhibition under proteotoxic stress.  However, it is inherently difficult to 
alter the chaperone levels in cells because the chaperone concentration is controlled 
closely by the heat shock transcription factor 1 (HSF1) (Morimoto, 2008).  
Overexpression of exogenous chaperone genes inevitably suppresses the endogenous 
chaperone expression.  To circumvent this limitation, we established an in vitro 
translation system programmed from cells with or without proteotoxic stress (Figure 
5C, left panel).  We first examined the translation efficiency using a synthesized 
bicistronic mRNA containing the polio internal ribosome entry site (IRES) between 
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Renilla luciferase (Rluc) and firefly luciferase (Fluc).  While the synthesis of Fluc is 
cap-dependent, translation of Rluc is driven by IRES via a cap-independent 
mechanism (Sun et al., 2011).  In lysates derived from stressed cells, the synthesis of 
both Rluc and Fluc were equally reduced in comparison with the control cell lysates 
(Figure 5C, right panel).  This result further supports the notion that proteotoxic stress 
does not primarily inhibit cap-dependent initiation.   
Next we monitored the translation efficiency of a synthesized Fluc mRNA in 
cell lysates supplemented with recombinant chaperone molecules.  Adding 
recombinant Hsc70, but not bovine serum albumin (BSA), increased the Fluc activities 
in a dose-dependent manner (Figure 5D).  Co-translational folding of Fluc has been 
shown to be quite efficient (Kolb et al., 2000), so the translation rate is likely to be the 
major determinant of luciferase activity in the in vitro translation system.  Notably, the 
chaperone-mediated rescue effect was more dramatic in the system derived from the 
stressed cells than the control.  Therefore, increasing chaperone availability restores 
the translation efficiency. 
 
2.4 Discussion 
The journey of a nascent polypeptide starts from the pepetidyl transferase center 
(PTC) of the ribosome followed by traversing the peptide exit tunnel.  Once the 
nascent chain begins to emerge from the exit tunnel, it faces a drastic environmental 
change.  Surprisingly, most recent ribosome profiling data did not show any specific 
pausing sites corresponding to this turning point (Guo et al., 2010; Ingolia et al., 
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2011).  The smooth transition from the inside of the tunnel to the outside ribosome 
surface is likely due to the presence of ribosome-associated chaperone systems 
(Kramer et al., 2009).  Our study provides strong evidence that the Hsc/Hsp70 family 
protein plays a crucial role in the passage of nascent chains upon emerging from the 
ribosome exit tunnel.  Reducing chaperone availability by proteotoxic stress or 
chemical inhibitors unequivocally caused a pileup of ribosomes on the first 50-codon 
region of transcripts.  Notably, we did not observe any specific RPF spikes at specific 
codon positions, suggesting that the lack of chaperone association slows down rather 
than stops the elongation.  The feature of ribosome stacking at the 5‟ end of the CDS 
further indicates that the stress-induced elongation pausing precedes the suppression 
of translation initiation. 
mRNA translation proceeds not at a constant rate but rather in a stop-and-go 
traffic manner (Fredrick and Ibba, 2010).  Variations of elongation speed may result 
from local stable mRNA structure (Gray and Hentze, 1994), or the presence of rare 
codons (Elf et al., 2003; Lavner and Kotlar, 2005).  Interestingly, nascent chains could 
also induce translational pausing in a sequence-specific manner (Kramer et al., 2009).  
Our results uncover an additional layer of elongation regulation mediated by the 
ribosome-associated chaperone system.  The Hsc/Hsp70 family protein, like the ER 
and mitochondrion counterparts, not only assists co-translational folding, but also 
accelerates the elongation of nascent polypeptides primarily at the site where the 
nascent polypeptide emerges from the ribosome exit tunnel.  Early studies in S. 
cerevisiae reported a similar function for Ssb, although identifying the elongation 
pausing sites was beyond the technical ability at that time (Nelson et al., 1992).  Since 
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multiple factors constitute the chaperone network linked to protein synthesis 
(Albanese et al., 2006), it will be intriguing to determine whether interfering specific 
chaperone or co-chaperone molecules causes selective elongation pausing on a subset 
of transcripts.   
 
 
Figure 2-6. A model for co-translational stress response via early ribosome pausing.  
The cytosolic chaperone molecules, such as Hsc70 (green), not only assist the co-translational 
folding, but also facilitate the elongation of emerging polypeptides (red).  Under the condition 
of proteotoxic stress, the accumulation of misfolded proteins titrates out molecular 
chaperones.  The lack of co-translational interaction of chaperone molecules leads to early 
elongation pausing and rapid suppression of global protein synthesis. 
 
Despite the apparent abundance of chaperone molecules in cells, their 
concentration is titrated closely to the folding requirements within a specific cell type 
(Morimoto, 2008).  Cells exploit chaperone availability as a sensing mechanism to 
induce stress response.  At the level of transcription, reduced chaperone availability 
triggers the activation of heat shock transcription factor 1 (HSF1) (Morimoto, 1998).  
As a result, more chaperone molecules will be produced to restore the protein 
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homeostasis.  The functional connection between chaperone availability and 
translation elongation offers a novel mode of regulation in response to stress 
conditions (Figure 6).  Intracellular accumulation of misfolded proteins, a common 
feature of a variety of stress conditions, sequesters molecular chaperones and the lack 
of chaperone association with the ribosome delays nascent chains from emerging.  Our 
data suggest that the ribosome fine-tunes the elongation rate based on the chaperone 
availability to match protein production with the intracellular folding capacity.  This 
level of control allows a rapid change in the complement of proteins prior to 
transcriptional regulation. The early elongation pausing under proteotoxic stress thus 
represents the very first line of protective response for cells to maintain intracellular 
protein homeostasis.   
 
2.5 Materials & Methods 
Cells and Reagents 
Human HEK293 and Tet-off HeLa-tTA cells (Clontech) were maintained in 
Dulbecco‟s Modified Eagle‟s Medium (DMEM) with 10% fetal bovine serum (FBS).  
L-azetidine-2-carboxylic acid (AZC), Z-Leu-Leu-Leu-al (MG132), sodium arsenite 
(NaAsO2), cycloheximide (CHX), rapamycin, VER-155008, 2-
phenylethyenesulfonamide (PES), geldanamycin (GA), aurintricarboxylic acid (ATA) 
and bovine serum albumin (BSA) were purchased from Sigma.  Anti-RpS6, anti-Phos-
RpS6, anti-eIF2α, anti-Phos-eIF2α, anti-S6K1, anti-Phos-S6K1, anti-eIF4E and anti-
TIAR antibodies were purchased from Cell signaling.  Anti-Hsc70, anti-Hsp70, anti-
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Hsp90, anti-polyubiquitin and bovine Hsc70 recombinant protein were bought from 
Enzo Life Sciences.  Anti-HA (Roche), anti-β-actin (Sigma) primary antibodies and 
secondary antibodies (Sigma) were also acquired.  Rapalog AP21967 was provided by 
Ariad Inc.  
Transfection and Adenoviruses Infection 
Plasmid transfection was performed using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer's instructions.  Recombinant adenoviruses (AdV) 
expressing a wild-type Hsc70(WT) and a dominant-negative mutant Hsc70 (K71M) 
were generously provided by Dr. Jonathan Yewdell (NIAID, NIH).  AdV infection 
was carried out in Tet-off  HeLa-tTA cells in the presence of 1 µg/ml doxycycline 
(Dox) to repress transgene expression.  Transgene expression was typically induced 
for 12 h by removing Dox from the media.  
[
35
S] Pulse Chase Assay 
Cells were trypsinized and suspended in the regular DMEM (10%FBS) 
medium and incubated at 37 °C for 30 min to achieve equilibrium. After the drug 
treatment, cells were pelleted and re-suspended in pulsing medium containing 10µCi 
[
35
S] L-methionine and [
35
S] L-cystine mix (Perkin Elmer) supplemented with 10% 
FBS, L-Glutamine and drugs if needed. For the pulsing only experiment, an aliquot of 
cells was withdrawn at each time point and mixed with stop medium (ice-cold DMEM 
containing 1mg/ml cold L-methionine, 1mg/ml cold L-cystine and 100µg/ml 
cycloheximide) to terminate the protein synthesis and [
35
S] incorporation. For the 
pulse-chase experiment, pulsed cells were washed once and re-suspended in chasing 
medium (DMEM supplemented with 10%FBS, 1mg/ml L-methionine and 1mg/ml L-
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cystine).  After incubation at 37 °C for various times, aliquots of cells were pelleted 
and lysed with ice-cold polysome lysis buffer (pH 7.4, 10 mM HEPES, 100 mM KCl, 
5 mM MgCl2, 100 µg/ml cycloheximide and 2% Triton X-100).  After centrifugation 
at14,000 rpm for 10 min at 4°C, proteins in the supernatant were precipitated with 
10% Trichloroacetic acid (Sigma).  The mixture was heated for 10 min at 90°C and 
then chilled on ice for 10 min.  The precipitates were collected on GF/C filter 
membrane (Watman) and the [
35
S] incorporation was measured by scintillation 
counting (Beckman). 
Measurement of Ribosomal Half-Transit Time 
Cells were pulsed with [
35
S] L-methionine/L-cystine for various times and lysed 
with polysome lysis buffer.  100 µl lysates were mixed with 350 µl polysome buffer 
(pH 7.4, 10 mM HEPES, 100 mM KCl, 5 mM MgCl2) and 450 µl 0.14M sucrose in 
polysome buffer.  400µl mixture was saved for measurement of total [
35
S] 
incorporation including both nascent and completed polypeptides.  Ribosomes were 
pelleted from the remaining 500 µl mixture by centrifugation at 60,000 rpm for 15 min 
at 4°C using a Beckman TLA-100.4 rotor.  400µl of supernatant was taken to measure 
the [
35
S] incorporation into the completed polypeptide only by scintillation counting.  
After linear regression plotting as a function of time, the ribosome half-transit time 
(t1/2) was estimated from the displacement in time between the two lines 
corresponding to the total and released protein. 
Immunoprecipitation and Immunoblotting 
For immunoprecipitation of ribosome-associated nascent chains, cells were 
pre-treated with 100µg/ml cycloheximide at 37°C for 3mins to stabilize ribosome-
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nascent chain complex.  Cells were then scraped extensively in polysome lysis buffer 
supplemented with EDTA-free cocktail protease inhibitor (Roche).  After clearance by 
centrifugation for 10 min at14,000 rpm 4°C, the supernatant was collected and 
incubated with anti-Flag M2 affinity gel (Sigma) at 4°C for 1h.  The beads were 
extensively washed for three times with polysome lysis buffer and the associated 
proteins were eluted by heating for 10 min in the sample buffer (50 mM Tris-HCl, pH 
6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol).  For 
immunoblotting, protein samples were resolved on SDS-PAGE and then transferred to 
Immobilon-P membranes (Millipore).  After blocking for 1 hour in TBS containing 
5% blotting milk, membranes were incubated with primary antibodies at 4°C 
overnight.  After incubation with horseradish peroxidase–coupled secondary 
antibodies, immunoblots were developed using enhanced chemiluminescence (GE 
Healthcare). 
Immunofluorescence 
For immunostaining of stress granule (SG), HeLa cells were plated on glass 
coverslips. After the drug treatments, cells were immediately fixed by 4% 
paraformaldehyde, followed by permeabilization by 0.2% Triton X-100 and blocking 
in 2% BSA in PBS.  Fixed cells were then incubated with primary antibody at 4°C 
overnight.  After washing for three times, cells were incubated with Alexa Fluor–
labeled secondary antibodies (Invitrogen) at room temperature for 1 hour.  Cell nuclei 
were counter-stained with Hoechst in PBS for 5 min.  After washing for three times, 
coverslips were mounted onto slides and viewed using a confocal microscope 
(LSM710, Zeiss). 
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In vitro Translation 
Fluc mRNA was synthesized through in vitro transcription using mMESSAGE 
mMACHINE T7 ULTRA Kit (Ambion) according to manufacturer‟s instructions.  
Programmed in vitro translation was performed following published protocol 
(Rakotondrafara A. M. & Hentze M.W. 2011).  Briefly, HEK293 cells were pretreated 
with 10 mM AZC and 20 µM MG132 for 1h at 37°C, followed by a wash with ice-
cold PBS.  Cells were lysed with equal volume of ice-cold lysis buffer (10 mM 
HEPES, pH7.6, 10 mM potassium acetate, 0.5 mM magnesium acetate, 5 mM DTT, 
EDTA-free protease inhibitor cocktail) by hypotonic swelling and homogenization 
through 27G syringe needle.  After centrifugation at 10,000 g for 1min, extract 
supernatant was collected and quantified by Bradford assay.  Control and stressed 
lysates used were adjusted to be equal based on protein concentration. A typical 
reaction contains cell extract (6-8 mg/ml final protein concentration), 1× translation 
buffer (16 mM HEPES, 7.6 pH, 8 mM creatine phosphate, 20 mg/ml creatine kinase, 
0.1 mM spermidine, 10 µM each amino acid), 80mM potassium acetate, 1 mM 
magnesium acetate, 20U RNase inhibitor (Ambion), 0.8 mM ATP(NEB) and 40 µg/ml 
mRNA template.  In vitro translation was incubated at 37°C for 2 hour and luciferase 
substrate (Promega) was added to measure the activity by luminometery.  For 
chaperone rescue experiment, recombinant Hsc70 protein (Enzo Life Sciences) was 
dialyzed against PBS and the protein concentration was quantified by Bradford assay.  
Increasing dose of BSA or Hsc70 protein (from 0.4 µM to 3.2 µM with 2-fold dilution) 
was supplemented in the reaction before the incubation.  As to elongation chase assay, 
reaction above was constituted and incubated at 30°C for 5 min to allow ribosome 
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loading. Immediately after that, the reaction was paused on ice and 0.5 mM ATA was 
added to block additional initiation.  Subsequently, the reaction was resumed at 30°C 
and aliquots of samples were withdrawn for luciferase activity measurement at 
indicated times.  For in vitro translation of FRB or FKBP assay, TNT Quick Coupled 
Translation /Transcription system (Promega) based on rabbit reticulocyte lysate (RRL) 
was used.  In brief, pcDNA3 plasmid encoding FRB-GFP or FKBP-GFP was mixed 
with RRL supplemented with [
35
S] L-methionine and recombinant proteins as 
indicated.  In vitro translation was performed in the presence or absence of 1 µM 
Rapamycin.  The products at different time points were collected and resolved on 
SDS-PAGE.  The gel was dried and viewed by phosphor imaging screen (HE 
healthcare) and the band intensity was quantified using ImageQuant 5.2. 
Polysome Profiling 
Polysome buffer was used to prepare sucrose solutions.  Sucrose density 
gradients (15%- 45% w/v) were freshly made in SW41 ultracentrifuge tubes 
(Backman) using a Gradient Master (BioComp Instruments) according to 
manufacturer‟s instructions.  Cells were pre-treated with 100 µg/ml cycloheximide for 
3 min at 37°C to stabilize ribosomes on mRNAs followed by washing using ice-cold 
PBS containing 100 µg/ml cycloheximide.  Cells were then lysed by scraping 
extensively in polysome lysis buffer.  Cell debris were removed by centrifugation 
at14,000 rpm for 10 min at 4°C.  600 µl of supernatant was loaded onto sucrose 
gradients followed by centrifugation for 100 min at 38,000 rpm 4°C in a SW41 rotor.  
Separated samples were fractionated at 0.750 ml / min through a fractionation system 
(Isco) that continually monitored OD254 values.  Fractions were collected with 0.5 min 
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interval.  The polysome to monosome ratios were calculated by quantifying the area 
under corresponding peaks in the polysome profiling (NIS-Elements, Nikon).  For 
puromycin sensitivity experiment, 100µM puromycin was added during the pre-
treatment instead of cycloheximide.   
Extraction of Ribosome Protected mRNA Fragments 
Polysome profiling fractions were mixed and a 200µl aliquot was digested 
with 200U E. coli RNase I (Ambion) at 4°C for 1h.  Total RNA was then extracted by 
Trizol reagent (Invitrogen). Purified RNA samples were mixed with 1 µl of 10 nM 
synthetic 28 nt random RNA (5‟-AUGUACACGGAGUCGACCCGCAACGCGA-3‟) 
as an internal control.  Subsequently, RNA molecules were dephosphorylated by 20U 
T4 polynucleotide kinase (NEB) in the presence of 10 U SUPERase (Ambion) at 37°C 
for 1 hour.  The enzyme was heat-inactivated for 20 min at 65°C.  The products were 
then separated on a Novex denaturing 15% polyacrylamide TBE-urea gel (Invitrogen).  
SYBR Gold (Invitrogen) was utilized to stain the gel and visualize the RNA 
fragments.  Gel bands corresponding to 28-30 nt RNA molecules were excised and 
physically disrupted by centrifugation through the holes of the tube.  Resulting gel 
debris was soaked overnight in the RNA gel elution buffer (300 mM NaOAc pH 5.5, 1 
mM EDTA, 0.1 U/mL SUPERase_In) to recover RNA fragments.  The gel debris was 
filtered out with a Spin-X column (Corning) and RNA was finally purified using 
ethanol precipitation. 
cDNA Library Construction and Deep Sequencing 
Poly-A tails were added to the purified RNA fragments by E. coli poly-(A) 
 76 
polymerase (NEB) with 1 mM ATP in the presence of 0.75 U/µL SUPERase_In at 
37°C for 45 min.  The tailed RNA molecules were reverse transcribed to generate the 
first strand cDNA using SuperScript III (Invitrogen) and following oligos containing 
barcodes: 
SCT01:5‟-
pCTGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟;  
MCA02: 5‟-
pCAGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGAT 
TTTTTTTTTTTTTTTTTTTVN-3‟; 
LGT03:5‟-
pGTGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟. 
HTC04:  5‟-
pTCGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟ 
YAG05:5‟-
pAGGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟; 
Reverse transcription products were resolved on a 10% polyacrylamide TBE-
urea gel as described above.  The expected 92 nt band of first strand cDNA was 
excised and recovered as above using DNA gel elution buffer (300 mM NaCl, 1 mM 
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EDTA).  Purified first strand cDNA was then circularized by 100U CircLigase II 
(Epicentre) following manufacturer‟s instructions.  The resulting circular single strand 
DNA was purified using ethanol precipitation and re-linearized by 7.5 U APE 1 in 1 X 
buffer 4 (NEB) at 37 °C for 1 h.  The products were resolved on a Novex 10% 
polyacrylamide TBE-urea gel (Invitrogen) as described above.  The expected 92 nt 
band was then excised and recovered.  Finally, single-stranded template was amplified 
by PCR using the Phusion High-Fidelity enzyme (NEB) according to the 
manufacturer‟s instructions.  The primers qNTI200 (5‟-
CAAGCAGAAGACGGCATA-3‟) and qNTI201 (5‟-AATGATACGGCGACCACCG 
ACAGGTTCAGAGTTCTACAGTCCGACG-3‟) were used to create DNA library 
suitable for sequencing.  The PCR reaction contains 1× HF buffer, 0.2mM dNTP, 
0.5µM primers, 0.5U Phusion polymerase.  PCR was carried out with an initial 30 s 
denaturation at 98 °C, followed by 12 cycles of 10 s denaturation at 98 °C, 20 s 
annealing at 60 °C, and 10 s extension at 72 °C.   PCR products were separated on a 
non-denaturing 8% polyacrylamide TBE gel as described above.  Expected 120 bp 
band was excised and recovered as described above.  After quantification by Agilent 
BioAnalyzer DNA 1000 assay, equal amount of barcoded samples were pooled into 
one sample.  3 ~ 5 pmol mixed DNA samples were typically used for cluster 
generation followed by sequencing using sequencing primer 5‟-
CGACAGGTTCAGAGTTC TACAGTCCGACGATC-3‟ (Illumina Genome Analyzer 
2 or HiSEQ, Cornell University Life Sciences Core Laboratories Center). 
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Deep Sequencing Data Analysis 
The deep sequencing data of ribosome footprints was processed and analyzed 
using a collection of custom Perl scripts.  The barcoded multiplex sequencing output 
files were separated into individual sample datasets according to the first two-
nucleotide barcodes.  Second, the 3‟polyA tails allowing 1 mismatch were identified 
and removed.  The high quality reads of length ranging from 25 to 35 nt were then 
retained while other reads were excluded from the downstream analysis.  
21,822 sequences of the longest transcript isoform for each human gene were 
downloaded from Ensembl database (www.ensembl.org) to construct a human 
transcriptome reference.  In addition, the plasmid sequence of FRB*-GFP was also 
included as the reference.  The trimmed reads were aligned to the reference by SOAP 
2.0 allowing up to 2 mismatches and all multiple equal best hits were retained.   The 5‟ 
end positions of aligned reads were mapped into the coding frame and the number of 
reads was counted at each codon ranging from -20 codon 5‟UTR to the stop codon for 
the downstream analysis. 
The meta-gene analysis of ribosome footprint distribution across the 
transcriptome was carried out by calculating the normalized mean reads (NMR) 
density at each codon position. Only transcripts with coding sequence longer than 150 
codons and with more than 50 reads were included in the analysis.  rij stands for the 
number of reads at codon position i of transcript j and is normalized to the average 
density on the entire transcript with length of lj codons.  Ti means all the transcripts 
available at position i. Finally, the normalized mean reads densities were plotted 
against the codon position to reveal the pattern of reads distribution.   
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To identify significantly enriched functions in groups of genes, the online web 
tool DAVID (www.david.abcc.ncifcrf.gov) gene functional classification system was 
employed. Ensembl gene ID list of interested genes was uploaded to the website and 
gene ontology analysis was performed with the Biological_Processes_FAT GO terms.  
Top non-redundant significantly enriched terms ranked by P-value were selected and 
further processed in Excel. 
Accession Numbers 
Sequencing data were deposited in the SRA database with the accession number 
SRA061778. 
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CHAPTER 3 
 
Global mapping of translation initiation sites in mammalian cells at single-
nucleotide resolution 
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3.1 Abstract 
Understanding translational control in gene expression relies on precise and 
comprehensive determination of translation initiation sites (TIS) across the entire 
transcriptome.  The recently developed ribosome profiling technique enables global 
translation analysis, providing a wealth of information about both the position and 
density of ribosomes on mRNAs.  Here we present an approach (global translation 
initiation sequencing, GTI-seq), by applying in parallel ribosome E-site translation 
inhibitors lactimidomycin (LTM) and cycloheximide (CHX), to achieve simultaneous 
detection of both initiation and elongation events on a genome-wide scale.  With 
single nucleotide resolution, we show an unprecedented view of alternative translation 
 86 
initiation in mammalian cells.  Systemic analysis of TIS positions supports the 
ribosome linear scanning mechanism in TIS selection.  The alternative TIS positions 
and the associated open reading frames identified by GTI-seq are conserved between 
human and mouse cells, implying physiological significance of alternative translation.  
Our study establishes a practical platform for uncovering the hidden coding potential 
of transcriptome and offers a greater understanding of the complexity of translation 
initiation. 
 
3.2 Introduction 
Protein synthesis is the final step in the flow of genetic information and lies at 
the heart of cellular metabolism.  Translation is principally regulated at the initiation 
stage and there has been significant progress over the last decade in dissecting the role 
of initiation factors (eIFs) in the assembly of elongation-competent 80S ribosomes (1-
3).  However, mechanisms underlying start codon recognition are not fully 
understood.  Proper selection of the translation initiation site (TIS) on mRNAs is 
crucial for the production of desired protein products.  A fundamental and long-sought 
goal in understanding translational regulation is the precise determination of TIS 
codons across the entire transcriptome. 
In eukaryotes, ribosomal scanning is a well-accepted model for start codon 
selection (4).  During cap-dependent translation initiation, the small ribosome subunit 
(40S) is recruited to the 5‟ end of mRNA (the m7G cap) in the form of a 43S pre-
initiation complex (PIC).  The PIC is thought to scan along the message in search for 
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the start codon.  It is commonly assumed that the first AUG codon that the scanning 
PIC encounters serves as the start site for translation.  However, many factors 
influence the start codon selection. For instance, the initiator AUG triplet is usually in 
an optimal context with a purine at position -3 and a guanine at position +4 (5).  The 
presence of mRNA secondary structure at or near the TIS position also influences the 
recognition efficiency (6).  In addition to these cis sequence elements, the stringency 
of TIS selection is also subject to regulation by trans acting factors such as eIF1 and 
eIF1A (7, 8).  Inefficient recognition of an initiator codon results in a portion of 43S 
PIC continuing to scan and initiating at a downstream site, in a process known as 
leaky scanning (4).  However, little is known about the frequency of leaky scanning 
events at the transcriptome level. 
Many recent studies have uncovered a surprising variety of potential 
translation start sites upstream of the annotated coding sequence (CDS) (9, 10).  It has 
been estimated that about 50% of mammalian transcripts contain at least one upstream 
open reading frame (uORF) (11, 12).  Intriguingly, many non-AUG triplets have been 
reported to act as alternative start codons for initiating uORF translation (13).  Since 
there is no reliable way to predict non-AUG codons as potential initiators from in 
silico sequence analysis, there is an urgent need to develop experimental approaches 
for genome-wide TIS identification.   
Ribosome profiling, based on deep sequencing of ribosome-protected mRNA 
fragments (RPF), has proven to be powerful in defining ribosome positions on the 
entire transcriptome (14, 15).  However, the standard ribosome profiling is not suitable 
for TIS identification.  Elevated ribosome density near the beginning of CDS does not 
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allow for unambiguous identification of alternative TIS positions, in particular the TIS 
positions associated with overlapping ORFs.  To overcome this problem, a recent 
study used an initiation-specific translation inhibitor harringtonine to deplete 
elongating ribosomes from mRNAs (16).  This approach uncovered an unexpected 
abundance of alternative TIS codons, in particular non-AUG codons in the 5‟UTR.  
However, since the inhibitory mechanism of harringtonine on the initiating ribosome 
is unclear, it remains to be confirmed whether the harringtonine-marked TIS codons 
truly represent physiological translation initiation sites.     
Here, we develop global translation initiation sequencing (GTI-seq) by 
utilizing two related but distinct translation inhibitors to effectively differentiate 
ribosome initiation from elongation.  GTI-seq has the potential to reveal a 
comprehensive and unambiguous set of TIS codons at near single nucleotide 
resolution.  The resulting TIS maps provide a remarkable display of alternative 
translation initiators that vividly delineates the variation in start codon selection.  This 
allows for a more complete assessment of the underlying principles that specify start 
codon usage in vivo.    
 
3.3 Results 
3.3.1 Experimental Design 
Cycloheximide (CHX) has been widely used in ribosome profiling of 
eukaryotic cells because of its potency in stabilizing ribosomes on mRNAs.  Both the 
biochemical (17) and structural studies (18) revealed that CHX binds to the exit (E)-
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site of the large ribosomal subunit, close to the position where the 3‟ hydroxyl group 
of the deacylated tRNA normally binds.  CHX thus prevents the release of deacylated 
tRNA from the E-site and blocks subsequent ribosomal translocation (Fig. 1A, left 
panel).  A new family of CHX-like natural products isolated from Streptomyces were 
recently characterized, including lactimidomycin (LTM) (19, 20).  Acting as a potent 
protein synthesis inhibitor, LTM uses a similar but not identical mechanism as CHX 
(17).  With its 12-membered macrocycle, LTM is significantly larger in size than CHX 
(Fig. 1A).  As a result, LTM cannot bind to the E-site when a deacylated tRNA is 
present.  Only during the initiation step, in which the initiator tRNA directly enters 
into the peptidyl (P)-site (21), is the empty E-site accessible to LTM.  Thus, LTM 
preferentially acts on the initiating ribosome but not the elongating ribosome.  We 
reasoned that ribosome profiling using LTM side-by-side in comparison with CHX 
should allow for a complete segregation of the ribosome stalled at the start codon from 
the one in active elongation (Fig. 1B).   
We designed an integrated GTI-seq approach and performed the ribosome 
profiling in HEK293 cells pretreated with either LTM or CHX. While CHX slightly 
stabilized the polysomes when compared to the no-drug treatment (DMSO), 30 min of 
LTM treatment led to a large increase in monosome accompanied by a depletion of 
polysomes (Fig. S1).  This is in agreement with the notion that LTM halts translation 
initiation while allowing elongating ribosomes to run off (17).  After RNase I 
digestion of the ribosome fractions, the purified RPFs were subjected to deep 
sequencing.  As expected, CHX treatment resulted in an excess of RPFs at the 
beginning of ORFs in addition to the body of CDS (Fig. 1C).  Remarkably, LTM 
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treatment led to a pronounced single peak located at the -12 nucleotide (nt) position 
relative to the annotated start codon.  This position corresponds to the ribosome P-site 
at the AUG codon when an offset of 12 nt is considered (14, 15).  LTM treatment also 
eliminated the excess of ribosomes seen at the stop codon in untreated cells or in the 
presence of CHX.  Therefore, LTM efficiently stalls the 80S ribosome at the start 
codons. 
 
Figure 3-S1. Polysome profile analysis in cells treated with ribosome E-site translation 
inhibitors. 
HEK293 cells were pre-treated with equal volume of DMSO, 100 µM CHX or 50 µM LTM 
for 30 min followed by sucrose gradient sedimentation.  Both 80S monosome and polysome 
peaks are indicated.  
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Figure 3-1. Experimental strategy of GTI-seq using ribosome E-site translation 
inhibitors. 
(A) Schematic diagram of the experimental design for GTI-seq.  Translation inhibitors CHX 
and LTM bind to the ribosome E-site, resulting in inhibition of translocation. While CHX 
binds to all translating ribosomes (left panel), LTM preferably incorporates into the initiating 
ribosomes when the E-site is free of tRNA (right panel). 
(B) Ribosome profiling using CHX and LTM side-by-side allows distinguishing the initiating 
ribosome from the elongating one. 
(C) HEK293 cells were treated with either DMSO, 100 µM CHX, or 50 µM LTM for 30 min 
before ribosome profiling.  Normalized RPF reads are averaged across the entire 
transcriptome, aligned at either their start site or stop codon. 
(D) Metagene analysis of RPFs obtained from HEK293 cells treated with either harringtonine 
(left panel) or LTM (right panel).  All mapped reads are aligned at the annotated start codon 
AUG, and the reads density at each nt position is averaged using the P-site of RPFs. 
 
During the course of our study, Ingolia et al reported a similar TIS mapping 
approach using harringtonine, a different translation initiation inhibitor (16).  One key 
difference between harringtonine and LTM is that the former drug binds to free 60S 
subunits (22), whereas LTM binds to the 80S complexes already assembled at the start 
codon (17).  We compared the pattern of RPF density surrounding the annotated start 
codon between the published datasets (16) and the LTM results (Fig. S2).  It appears 
that a considerable amount of harringtonine-associated RPFs are not exactly located at 
the annotated start codon.  To directly compare the TIS mapping accuracy between 
LTM and harringtonine, we performed ribosome profiling in HEK293 cells treated 
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with harringtonine using the same protocol as the LTM treatment.  Similar to the 
previous study, harringtonine treatment caused a substantial fraction of RPFs 
accumulated in regions downstream of the start codon (Fig. 1D).  The relaxed 
positioning of harringtonine-associated RPFs after prolonged treatment leaves 
uncertainty in TIS mapping.  In contrast, GTI-seq using LTM largely overcomes this 
deficiency and offers a high precision in global TIS mapping with single nucleotide 
resolution (Fig. 1D) 
 
Figure 3-S2. Metagene analysis of RPFs obtained using different approaches. 
RPF reads reported by Ingolia et al (2011) using harringtonine in mouse embryonic stem cells 
were re-plotted after P-site adjustment based on the original report (HRT1, left panel).  RPF 
reads obtained from HEK293 cells treated with either harringtonine (HRT2, middle panel) or 
LTM (right panel) were plotted by applying a 12 nt offset to reads with a length range of 26 ~ 
29 nt.  All mapped reads are aligned at the annotated start codon AUG, and the reads density 
at each nt position is averaged using the P-site of RPFs. 
 
3.3.2 Global TIS Identification by GTI-seq  
One of the advantages of GTI-seq is its ability to analyze LTM data in parallel 
with CHX.  Due to the structural similarity between these two translation inhibitors, 
the LTM background reads resembled the pattern of CHX-associated RPFs (Fig. 2A).  
This feature allows us to further reduce the background noise of LTM-associated 
RPFs by subtracting the normalized CHX reads density at every nucleotide position 
from that of LTM.  A TIS peak is then called at a position in which the adjusted LTM 
reads density is well above the background (Fig. 2A, red asterisk, see Methods for 
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detail).  From ~4,000 transcripts with detectable TIS peaks, we identified a total of 
16,231 TIS sites (Table S1, online).  Codon composition analysis revealed that more 
than half of the TIS codons used AUG as the translation initiator (Fig. 2B).  GTI-seq 
also identified a significant proportion of TIS codons employing near-cognate codons 
that differ from AUG by a single nucleotide, in particular CUG (16%).  Remarkably, 
nearly half of the transcripts (42%) contained multiple TIS sites (Fig. 2C), suggesting 
that alternative translation prevails even under physiological conditions.  Surprisingly, 
about a third of the transcripts (32.4%) showed no TIS peaks at the annotated TIS 
position (aTIS) despite clear evidence of translation (Table S1).  While some of them 
could be false negative due to stringent threshold cutoff for TIS identification (Fig. 
S3), others were likely attributed to alternative translation initiation (see below).  
However, it is also possible that some cases represent mis-annotation.  For instance, 
the translation of CLK3 clearly starts from the second AUG, although the first one was 
annotated as the initiator in the current database (Fig. 2D).  We found 50 transcripts 
have possible mis-annotation in their start codons (Table S2, online).  However, it is 
possible that some mRNAs might have alternative transcript processing.  In addition, 
we could not exclude the possibility that some of these genes might have tissue-
specific translation initiation sites. 
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Figure 3-S3. False positive and false negative rates at various RLTM-RCHX thresholds. 
False negative rate is computed as the percentage of undetected aTIS among the top 10% 
translated aTIS codons based on CHX reads within 5 codons downstream of the aTIS.  The 
lower and upper bounds of false negative rate are determined by either including or excluding 
the cases having a dTIS within 5 codons and/or a uORF overlapping with aTIS.  False positive 
rate is computed as the percentage detected among strictly untranslated aTIS codons with 
either no CHX reads (CHX=0) or less than 5 CHX reads (CHX<5) within 5 codons 
downstream of the aTIS. 
 
3.3.3 Characterization of Downstream Initiators 
In addition to validating initiation at the annotated start codon, GTI-seq 
revealed clear evidence of downstream initiation on 39% of the analyzed transcripts 
with TIS peaks (Table S1). As a typical example, AIMP1 showed three TIS peaks 
exactly at the first three AUG codons in the same reading frame (Fig. 3A).  Thus, the 
same transcript generates three isoforms of AIMP1 with varied NH2-terminus, which 
is consistent with the previous report (23).  Of the total TIS positions identified by 
GTI-seq, 23% (3,741/16,231) were located downstream of aTIS codons, which we 
termed dTIS, and nearly half of the identified dTIS codons utilized AUG as the 
initiator (Fig. 3B).   
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Figure 3-2. Global identification of TIS by GTI-seq. 
(A) TIS identification on the PYCR1 transcript.  Both LTM and CHX reads are plotted as grey 
bar graph.  TIS identification is based on normalized LTM reads density subtracted by CHX 
reads density.  All three reading frames are separated and presented as distinct colors.  
Identified TIS position is marked by red asterisk and highlighted by colored shade.  The 
annotated coding region is illustrated by start codon (green triangle) and stop codon (black 
triangle).  
(B) Codon composition of all TIS codons identified by GTI-seq (left panel) is shown in 
comparison to the overall codon distribution over the entire transcriptome (right panel). 
(C) Histogram showing the overall distribution of TIS number identified on each transcript. 
(D) Mis-annotation of the start codon on the CLK3 transcript.  The annotated coding region is 
illustrated by start codon (green triangle) and stop codon (black triangle).  AUG codons on the 
body of coding region are also shown as empty triangles.  Only one reading frame is shown 
for clarity. 
 
What are the possible factors influencing downstream start codon selection?  
We classified genes with multiple TIS codons into three groups based on Kozak 
consensus sequence of the first AUG.  The relative leakiness of the first AUG codon 
was estimated by measuring the fraction of LTM reads at the first AUG over the total 
reads recovered on and after this position.  The AUG codon with a strong Kozak 
sequence context showed the highest initiation efficiency (or lowest leakiness) in 
comparison to the one with weak or no consensus sequence (Fig. 3C, p = 1.12 × 10
-
142
).  These results indicate the critical role of sequence context in start codon 
recognition.  To substantiate this conclusion further, we performed a reciprocal 
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analysis by grouping genes according to whether an initiation peak was identified at 
the aTIS or dTIS positions on their transcripts (Fig. 3D).  A survey of the sequences 
flanking the aTIS revealed a clear preference of Kozak sequence context for different 
gene groups.  In the gene group with aTIS initiation, but no detectable dTIS, we 
observed the strongest Kozak consensus sequence (Fig. 3D, bottom panel).  This 
sequence context was largely absent in the group of genes lacking detectable 
translation initiation at the aTIS (Fig. 3D, top panel).  Thus ribosome leaky scanning 
tends to occur when the context of an aTIS is suboptimal.   
Cells use the leaky scanning mechanism to generate protein isoforms with 
changed subcellular localizations or altered functionality from the same transcript 
(24).  In addition to genes that have been reported to produce protein isoforms via 
leaky scanning, GTI-seq revealed many more cases than previously reported (Table 
S1).  To independently validate the novel dTIS positions identified by GTI-seq, we 
cloned the gene CCDC124 whose transcript showed several initiation peaks above the 
background (Fig. 3E).  One dTIS is in the same reading frame of the aTIS, which 
allows us to use a COOH-terminal tag to detect different translational products in 
transfected cells.  Immunoblotting of transfected HEK293 cells showed two clear 
bands whose molecular weights correspond to the full length of CCDC124 (28.9 kDa) 
and the NH2-terminally truncated isoform (23.7 kDa), respectively.  Intriguingly, the 
relative abundance of both isoforms matched well to the corresponding LTM reads 
density, suggesting that GTI-seq might provide quantitative aspects of translation 
initiation. 
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Figure 3-3. Characterization of downstream TIS (dTIS). 
(A) Identification of multiple TIS codons on the AIMP1 transcript.  Only one reading frame is 
shown for clarity. 
(B) Codon composition of total dTIS codons identified by GTI-seq.  
(C) Relative initiation efficiency at the first AUG codon with different sequence context (one-
tailed Wilcoxon Ranksum test, Strong vs. Weak: p = 7.92 × 10-24; Weak vs. No-Kozak: p = 
1.34 × 10-75). 
(D) Genes are grouped according to the identified initiation at either aTIS, dTIS, or both.  
Sequence context surrounding the aTIS is shown as Sequence Logos.  Chi-square test, p = 
2.57 × 10-100 for -3 position and p = 3.95 × 10-18 for +4 position.    
(E) Identification of multiple TIS codons on the CCDC124 transcript.   
(F) Validation of CCDC124 TIS codons by immunoblotting.  The DNA fragment 
encompassing both the 5`UTR and the CDS of CCDC124 was cloned and transfected into 
HEK 293 cells.  Whole cell lysates were immunoblotted using c-myc antibody. 
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3.3.4 Characterization of Upstream Initiators 
Sequence-based computational analyses predicted that about 50% of 
mammalian transcripts contain at least one uORF (11, 12).  In agreement with this 
notion, GTI-seq revealed 54% of transcripts bearing one or more TIS positions 
upstream of the annotated start codon (Table S1).  These upstream TIS (uTIS) codons, 
when out of the aTIS reading frame, are often associated with short ORFs.  A classic 
example is ATF4, whose translation is predominantly controlled by several uORFs 
(25-27).  This feature was clearly captured by GTI-seq (Fig. 4A).  In addition to the 
two known uORFs proximal to the aTIS, we identified another extremely short uORF 
at the beginning of the ATF4 mRNA.  Intriguingly, the AUG start codon is 
immediately followed by a UAG stop codon.  This one-codon uORF was clearly 
marked by both LTM and CHX-associated RPFs.  As expected, the presence of these 
uORFs efficiently repressed the initiation at the aTIS as evidenced by few CHX reads 
along the CDS of ATF4.   Despite the low enrichment of LTM reads at the aTIS of 
ATF4, a specific LTM peak was still distinguishable above the background (Fig. 4A, 
insert).  This example highlights the remarkable sensitivity of GTI-seq in capturing 
TIS codons with low initiation efficiency.   
Of the total TIS positions identified by GTI-seq, nearly half of them were uTIS 
(7,936/ 16,231).  In contrast to the dTIS, which utilized AUG as the primary start 
codon (Fig. 3B), the majority of uTIS (74.4%) were non-AUG codons (Fig. 4B).  
Among these AUG variants, CUG was the most prominent one with the frequency 
even higher than AUG (30.3% vs. 25.6%).  In a few well-documented examples, the 
CUG triplet was reported to serve as an alternative initiator (13).  To experimentally 
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confirm the alternative initiators identified by GTI-seq, we cloned the gene RND3 that 
showed a clear initiation peak at a CUG codon in addition to the aTIS (Fig. 4C).  The 
two initiators are in the same reading frame without a stop codon in between, which 
permits us to detect different translational products using an antibody against the fused 
COOH-terminal tag.  Immunoblotting of transfected HEK293 cells showed two 
protein bands corresponding to the CUG-initiated long isoform (34 kDa) and the main 
product (31 kDa) (Fig. 4C).  Once again, the levels of both isoforms were in 
accordance with the relative densities of LTM reads, further supporting the 
quantitative feature of GTI-seq in TIS mapping. 
 
Figure 3-4.  Characterization of upstream TIS (uTIS). 
(A) Identification of multiple TIS codons on the ATF4 transcript.  Different ORFs are shown 
in boxes with colors matching different reading frames. 
(B) Codon composition of total uTIS codons identified by GTI-seq. 
(C) Identification of multiple TIS codons on the RND3 transcript.   
(D) Validation of RND3 TIS codons by immunoblotting.  The DNA fragment encompassing 
both the 5`UTR and the CDS of RND3 was cloned and transfected into HEK 293 cells.  Whole 
cell lysates were immunoblotted using c-myc antibody. 
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3.3.5 Global Impacts of uORFs on Translational Efficiency  
Initiation from an uTIS, and the subsequent translation of the short uORF, 
negatively influences the main ORF translation (10, 11).  To find possible factors 
governing the alternative TIS selection in the 5‟UTR, we categorized uTIS-bearing 
transcripts into two groups according to whether initiation occurs at the aTIS and 
compared the sequence context of uTIS codons (Fig. 5A).  For transcripts with 
initiation at both uTIS and aTIS positions [aTIS(Y)], the uTIS codons were 
preferentially composed of non-optimal AUG variants.  In contrast, the uTIS codons 
identified on transcripts with repressed aTIS initiation [aTIS(N)] showed a higher 
percentage of AUG with Kozak consensus sequences (p = 1.74 × 10
-80
).  These results 
are in agreement with the notion that the accessibility of an aTIS to the ribosome for 
initiation depends on the context of uTIS codons.    
Recent work showed a correlation between secondary structure stability of 
local mRNA sequences near the start codon and mRNA translation efficiency (28-30).  
To examine whether the uTIS initiation is also influenced by local mRNA structures, 
we computed the free energy associated with secondary structures from regions 
surrounding the uTIS position (Fig. 5B).  We observed an increased folding stability 
of the region shortly after the uTIS in transcripts with repressed aTIS initiation (Fig. 
5B, blue line).  In particular, more stable mRNA secondary structures were present on 
transcripts with less optimal uTIS codons (Fig. 5B, right panels).  Therefore, when the 
consensus sequence is absent from the start codon, the local mRNA secondary 
structure has a stronger correlation with the TIS selection.  
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Figure 3-5. Impact of uORF features on translational regulation. 
(A) The sequence composition of uTIS codons for genes with or without aTIS initiation.  
Genes are classified into two groups based on aTIS initiation, and the uTIS sequence 
composition is categorized based on the consensus features shown on the right. 
(B) The contribution of mRNA secondary structure to TIS selection.  Genes are grouped based 
on uTIS codon features listed in (A).  For each group, the transcripts with (red line) or without 
(blue line) aTIS initiation are analyzed for the averaged G value in regions surrounding the 
identified uTIS codons.   
(C) The composition of uORFs in gene groups with or without aTIS initiation on their 
transcripts. Different ORF features are shown on the right. 
 
Depending on the uTIS positions, the associated uORF can be separated from 
or overlapped with the main ORF.  These different types of uORF could use different 
mechanisms to control the main ORF translation.  For instance, when the uORF is 
short and separated from the main ORF, the 40S subunit can remain associated to the 
mRNA after termination at the uORF stop codon and resumes scanning, a process 
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called reinitiation (2).  When the uORF overlaps with the main ORF, the aTIS 
initiation solely relies on the leaky scanning mechanism.  We sought to dissect the 
respective contributions of reinitiation and leaky scanning to the regulation of aTIS 
initiation.  Interestingly, we found a higher percentage of separated uORFs in 
transcripts with repressed aTIS initiation [aTIS(N) group] (Fig. 5C, p = 3.52 × 10
-41
).  
This result suggests that the re-initiation is generally less efficient than leaky scanning, 
which is consistent with the negative role of uORFs in translation of main ORFs. 
3.3.6 Cross-species Conservation of Alternative Translation Initiators 
The prevalence of alternative translation re-shapes the proteome landscape by 
either increasing the protein diversity or modulating translation efficiency.  The 
biological significance of alternative initiators could be preserved across species if 
they are of potential fitness benefit.  We applied GTI-seq to a mouse embryonic 
fibroblast (MEF) cell line and identified TIS positions across the mouse transcriptome, 
including uTIS and dTIS (Table S3, online).  Compared to HEK293 cells, MEF cells 
showed remarkable similarity in overall TIS features (Fig. S4).  For example, uTIS 
codons utilized non-AUG, especially CUG, as the dominant initiator.  Additionally, 
about half of the transcripts in MEF cells exhibited multiple initiators.  Thus, the 
general features of alternative translation are well conserved between human and 
mouse cells. 
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Figure 3-S4. Global TIS identification in MEF cells.  
(A) Codon composition of all TIS codons identified by GTI-seq in MEF cells. 
(B) Codon composition of uTIS codons identified by GTI-seq in MEF cells. 
(C) Histogram showing the overall distribution of the number of TIS positions identified on 
each transcript from MEF cells. 
 
To analyze conservation of individual alternative TIS position on each 
transcript, we chose a total of 12,949 human-mouse orthologous mRNA pairs.  We 
analyzed separately the 5‟UTR and CDS regions in order to measure the conservation 
of uTIS and dTIS positions, respectively (Fig. 6A).  Each group was classified into 
two subgroups based on their sequence similarity.  For genes with high sequence 
similarity, 85% of the uTIS and 60% of dTIS positions were conserved between 
human and mouse cells.  Some of these alternative TIS codons were located at the 
same positions on the aligned sequences (Fig. S5).  As an example, RNF10 in 
HEK293 cells showed three uTIS positions, which were also found in MEF cells at the 
identical positions on the aligned 5‟UTR sequence of the mouse homolog (Fig. 6B). 
Remarkably, genes with low sequence similarity also displayed high TIS conservation 
across the two species (Fig. 6A).  For instance, the 5‟UTR of CTTN gene has low 
sequence identity between human and mouse homologs (alignment score = 40.3) (Fig. 
6C).  However, a clear uTIS was identified in both cells at the same position on the 
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aligned region.  Notably, the majority of alternative ORFs conserved between human 
and mouse cells were of the same type, i.e., either separated from or overlapped with 
the main ORF (Fig. 6A and Fig. S5).  The evolutionary conservation of those TIS 
positions and the associated ORFs is a strong indication of functional significance of 
alternative translation in the regulation of gene expression.  
 
Figure 3-S5. Conservation of alternative TIS positions between human and mouse cells.  
Alternative TIS positions identified on human mRNAs are classified based on whether the 
position, sequence context or ORF type are conserved in the mouse orthologous mRNAs 
(same color represents same type).  The TIS site with a mouse counterpart at the identical 
position or with a similar local sequence context on the aligned orthologous sequences are 
merged.  Both uTIS and dTIS positions are each classified into two subsets according to the 
global alignment score of sequences (5‟UTR for uTIS and CDS for dTIS).   Percentage values 
are presented in the table.  
3.3.7 Characterization of ncRNA Translation 
The mammalian transcriptome contains many non-protein-coding RNAs 
(ncRNAs) (31).  ncRNAs have gained much attention recently due to their emerging 
role in a variety of cellular processes including embryogenesis and development (32).  
Motivated by the recent report about the possible translation of large intergenic 
ncRNAs (lincRNAs) (16), we sought to explore the possible translation, or at least 
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ribosome association, of ncRNAs in HEK293 cells.  We selected RPFs uniquely 
mapped to ncRNA sequences to exclude the possibility of spurious mapping of reads 
originated from mRNAs.  Of 5,763 ncRNAs annotated in RefSeq, we identified 169 
ncRNAs (about 3%) that were associated with RPFs marked by both CHX and LTM 
(Fig. 6D and Table S4, online).  Compared to protein-coding mRNAs, most ORFs 
recovered from ncRNAs were very short with a median length of 82 nt (Fig. 6E).  
Several ncRNAs also showed alternative initiation at non-AUG start codons as 
exemplified by LOC100499177 (Fig. 6F).   
 
Figure 3-6. Cross-species conservation of alternative TIS positions and identification of 
translated ncRNA. 
(A) Evolutionary conservation of alternative TIS positions identified by GTI-seq in HEK293 
and MEF cells.  Alternative uTIS and dTIS positions identified on human-mouse ortholog 
mRNA pairs are each classified into two subsets according to the alignment score of relevant 
sequences (5‟UTR for uTIS and CDS for dTIS).  Each subset is further divided based on types 
of alternative ORFs.  Percentage values are presented in the table.   
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(B) Conservation of uTIS positions on the RNF10 transcript with high sequence similarity of 
5‟UTR between HEK293 and MEF cells. Red region indicates matched sequences, black for 
mismatched ones, and grey for sequence gaps.  Identified uTIS positions are indicated by 
triangles. 
(C) Conservation of uTIS positions on the CTTN transcript with low sequence similarity of 
5‟UTR between HEK293 and MEF cells. 
(D) Pie chart showing the relative percentage of mRNA, ncRNA and translated ncRNA 
identified by GTI-seq. 
(E) Histogram showing the overall length distribution of ORF identified in ncRNAs. 
(F) Identification of multiple TIS positions on the ncRNA LOC100499177.   
(G) Evolutionary conservation of ORF region on ncRNAs identified by GTI-seq. PhastCons 
scores are retrieved from the primate genome sequence alignment. 
 
Comparative genomics reveals that the coding regions are often evolutionarily 
conserved elements (33).  We retrieved the PhastCons scores for both coding and non-
coding regions of ncRNAs and found that the ORF regions identified by GTI-seq 
indeed showed a higher conservation (Fig. 6G).  Some ncRNAs showed a clear 
enrichment of highly conserved bases within the ORFs marked by both LTM and 
CHX reads (Fig. S6).  Despite the apparent engagement by the protein synthesis 
machinery, the physiological functions of the coding capacity of these ncRNAs remain 
to be determined. 
 
Figure 3-S6. ORF conservation in ncRNAs.  
(A) Translation in ncRNA SNHG13 is illustrated by LTM and CHX-associated RPF reads.  
PhastCons scores retrieved from the primate genome sequence alignment is also plotted 
(bottom panel). 
(B) Translation in ncRNA LOC100128881 is illustrated by LTM and CHX-associated RPF 
reads.  PhastCons scores retrieved from the primate genome sequence alignment is also 
plotted (bottom panel). 
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3.4 Discussion 
The mechanisms of eukaryotic translation initiation have received increasing 
attention owing to their central importance in diverse biological processes (1).  The 
use of multiple initiation codons in a single mRNA contributes to protein diversity by 
expressing several protein isoforms from a single transcript.  Distinct ORFs defined by 
alternative TIS codons could also serve as regulatory elements in controlling the 
translation of the main ORF (10, 11).  Although we have some understanding of how 
ribosomes determine where and when to start initiation, our knowledge is far from 
complete.  GTI-seq provides a comprehensive and high-resolution view of TIS 
positions across the entire transcriptome.  The precise TIS mapping offers mechanistic 
insights into the start codon recognition.   
3.4.1 Global TIS Mapping at Single Nucleotide Resolution by GTI-seq 
Traditional toeprinting analysis showed heavy ribosome pausing at both the 
initiation and the termination codons of mRNAs (34, 35).  Consistently, deep 
sequencing-based ribosome profiling also revealed the highest RPF density at both the 
start and the stop codons (14, 15).  Although this feature enables approximate 
determination of decoded mRNA regions, it does not allow for unambiguous 
identification of TIS positions especially when multiple initiators are utilized.  
Translation inhibitors specifically acting on the first round of peptide bond formation 
allow the run-off of elongating ribosomes, thereby specifically halting ribosomes at 
the initiation codon.  Indeed, harringtonine treatment caused a profound accumulation 
of RPFs in the beginning of CDS (16).  A caveat of using harringtonine is that this 
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drug binds to free 60S subunits and the inhibitory mechanism is unclear.  In particular, 
it is not known whether harringtonine completely blocks the initiation step.  We 
observed that a significant fraction of ribosomes still passed over the start codon in the 
presence of harringtonine.   
The translation inhibitor LTM bears several features in achieving the high 
resolution of global TIS identification.  First, LTM binds to the 80S ribosome already 
assembled at the initiation codon and permits the first peptide bond formation (17).  
Thus, the LTM-associated RPF more likely represents physiological TIS positions.  
Second, LTM occupies the empty E-site of initiating ribosomes and thus completely 
blocks the translocation.  This feature allows the TIS identification at single nucleotide 
resolution.  With this precision, different reading frames become unambiguous, 
thereby revealing different types of ORFs within each transcript.  Third, owing to the 
similar structure and the same binding site in the ribosome, LTM and CHX can be 
applied side-by-side to achieve simultaneous assessment of both initiation and 
elongation for the same transcript.  With the high signal/noise ratio, GTI-seq offers a 
direct TIS identification approach with a minimal computational aid. From our 
analysis, the uncovering of alternative initiators allows us to probe mechanistic 
insights of TIS selection.  We also experimentally validated different translational 
products initiated from alternative start codons, including non-AUG.  Further 
confirming the accuracy of GTI-seq, a sizable fraction of alternative start codons 
identified by GTI-seq exhibited high conservation across species.  The evolutionary 
conservation strongly suggests a physiological significance of alternative translation in 
gene expression.   
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3.4.2 Diversity and Complexity of Alternative Start Codons 
GTI-seq revealed that the majority of identified TIS positions belong to 
alternative start codons.  The prevailing alternative translation was corroborated by the 
finding that nearly half of the transcripts contained multiple TIS codons.  While dTIS 
codons use the conventional AUG as the main initiator, a significant fraction of uTIS 
codons are non-AUG with the CUG as the most frequent one.  In a few well-
documented cases, including FGF2 (36), VEGF(37), and Myc (38), the CUG triplet 
was reported to serve as the non-AUG start codon.  With the high resolution TIS map 
across the entire transcriptome, GTI-seq greatly expanded the list of hidden coding 
potential of mRNAs not visible by sequence-based in silico analysis.  
By what mechanisms are alternative start codons selected?  GTI-seq revealed 
several lines of evidence supporting the linear scanning mechanism for start codon 
selection.  First, the uTIS context, such as the Kozak consensus sequence and the 
secondary structure, largely influenced the frequency of aTIS initiation.  Second, the 
stringency of an aTIS codon negatively regulated the dTIS efficiency. Third, the leaky 
potential at the first AUG was inversely correlated with the strength of its sequence 
context.  Since it is less likely for a preinitiation complex to bypass a strong initiator to 
select a downstream suboptimal one, it is not surprising that most uTIS codons are not 
canonical whereas the dTIS codons are mostly conventional AUG.  In addition to the 
leaky scanning mechanism for alternative translation initiation, ribosomes could 
translate a short uORF and reinitiate at downstream ORFs (2).  After completing 
termination of a uORF, it was assumed that some translation factors remain associated 
with the ribosome, which facilitates the reinitiation process (39).  However, this 
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mechanism is widely considered to be inefficient.  From the GTI-seq data set, about 
half of the uORFs were separated from the main ORFs.  Compared to transcripts with 
overlapping uORFs that must rely on leaky scanning to mediate the downstream 
translation, we observed repressed aTIS initiation in transcripts containing separated 
uORFs.  It is likely that the ribosome reinitiation mechanism plays a more important 
role in selective translation under stress conditions (27). 
3.4.3 Biological Impacts of Alternative Translation Initiation 
One expected consequence of alternative translation initiation is an expanded 
proteome diversity that has not been and could not be predicted by in silico analysis of 
AUG-mediated main ORFs.  Indeed, many eukaryotic proteins exhibit a feature of 
NH2-terminal heterogeneity presumably due to alternative translation.  Protein 
isoforms localized in different cellular compartments are typical examples, because 
most localization signals are within the NH2-terminal segment (40, 41).   Alternative 
TIS selection could also produce functionally distinct protein isoforms.  One well-
established example is C/EBP, a family of transcription factors that regulate the 
expression of tissue-specific genes during differentiation (42).   
When an alternative TIS codon is not in the same frame as the aTIS, it is 
conceivable that the same mRNA will generate unrelated proteins.  This could be 
particularly important for the function of uORFs, which are often separated from the 
main ORF and encode short polypeptides.  Some of these uORF peptide products 
directly control the ribosome behavior, thereby regulating the translation of the main 
ORF.  For instance, the translation of S-adenosylmethionine decarboxylase is subject 
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to the regulation by the six amino acid product of its uORF (43).  The alternative 
translational products could also function as biologically active peptides.  A striking 
example is the discovery of short ORFs (sORFs) in noncoding RNAs of Drosophila 
that produce functional small peptides during development (44).  However, both 
computational prediction and experimental validation of peptide-encoding short ORFs 
within the genome are challenging.  Our study using GTI-seq represents a potential 
new addition to the expanding ORF catalog by including novel ORFs from ncRNAs.   
3.4.4 Perspective 
The enormous biological breadth of translational regulation has led to an 
enhanced appreciation of its complexities.  Yet, the current endeavors aiming to 
understand protein translation have been hindered by technological limitations.  
Comprehensive cataloging of global translation initiation sites and the associated 
ORFs is just the beginning in unveiling the role of translational control in gene 
expression.  More focused studies will be needed to decipher the function and 
regulatory mechanism of novel ORFs individually.  A systematic, high-throughput 
method like GTI-seq offers a top-down approach, in which one can identify a set of 
candidate genes to study intensively.  GTI-seq is readily applicable to broad fields of 
fundamental biology.  For instance, applications of GTI-seq in different tissues will 
facilitate the elucidation of the tissue-specific translational control.  The illustration of 
altered TIS selection under different growth conditions will set the stage for future 
investigation of translational reprogramming during organismal development as well 
as in human diseases. 
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3.5 Materials & Methods 
Cell Culture and Drug Treatment 
Human HEK293 and mouse embryonic fibroblast (MEF) were maintained in 
Dulbecco‟s Modified Eagle‟s Medium (DMEM) with 10% fetal bovine serum (FBS).  
Cycloheximide (CHX) was purchased Sigma and harringtonine from LKT 
Laboratories.  Lactimidomycin (LTM) was previously described (45).  All drugs were 
dissolved in DMSO.  Cells were treated with 100 µM CHX, 50µM LTM, 2 µg/ml (3.8 
µM) harringtonine or equal volume of DMSO at 37°C for 30min.   
Polysome Profiling 
Sucrose solution was prepared in polysome buffer (pH 7.4, 10 mM HEPES, 
100 mM KCl, 5 mM MgCl2).  Sucrose density gradients (15%- 45% w/v) were freshly 
made in SW41 ultracentrifuge tubes (Backman) using a Gradient Master (BioComp 
Instruments) according to manufacturer‟s instructions.  Cells were washed using ice-
cold PBS containing 100 µg/ml CHX and then lysed by scraping extensively in 
polysome lysis buffer (pH 7.4, 10 mM HEPES, 100 mM KCl, 5 mM MgCl2, 100 
µg/ml CHX and 2% Triton X-100).  For DMSO control, the CHX was omitted in both 
PBS and polysome lysis buffer.  Cell debris were removed by centrifugation at14,000 
rpm for 10 min at 4°C.  600 µl of supernatant was loaded onto sucrose gradients 
followed by centrifugation for 100 min at 38,000 rpm 4°C in a SW41 rotor.  Separated 
samples were fractionated at 0.750 ml / min through a fractionation system (Isco) that 
continually monitored OD254 values.  Fractions were collected with 0.5 min interval. 
 
 113 
Purification of Ribosome Protected mRNA Fragments (RPF) 
The general procedure of RPF purification was based on the previously 
reported protocol (14) with some modifications.  In brief, polysome profiling fractions 
were mixed and a 140 µl aliquot was digested with 200 U E. coli RNase I (Ambion) at 
4°C for 1h.  Total RNA was then extracted by Trizol reagent (Invitrogen) followed by 
dephosphorylation with 20 U T4 polynucleotide kinase (NEB) in the presence of 10 U 
SUPERase_In (Ambion) at 37°C for 1 hour.  The enzyme was heat-inactivated for 20 
min at 65°C.  The digested RNA products were then separated on a Novex denaturing 
15% polyacrylamide TBE-urea gel (Invitrogen).  The gel was stained with SYBR 
Gold (Invitrogen) to visualize the digested RNA fragments.  Gel bands around 28 nt 
RNA molecules were excised and physically disrupted by centrifugation through the 
holes of the tube.  The gel debris was soaked overnight in the RNA gel elution buffer 
(300 mM NaOAc pH 5.5, 1 mM EDTA, 0.1 U/mL SUPERase_In) to recover the RNA 
fragments.  The gel debris was filtered out with a Spin-X column (Corning) and RNA 
was purified using ethanol precipitation. 
cDNA Library Construction and Deep Sequencing 
Poly-A tails were added to the purified RNA fragments by E. coli poly-(A) 
polymerase (NEB) with 1 mM ATP in the presence of 0.75 U/µL SUPERase_In at 
37°C for 45 min.  The tailed RNA molecules were reverse transcribed to generate the 
first strand cDNA using SuperScript III (Invitrogen) and following oligos containing 
barcodes: 
SCT01:5‟-
pCTGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
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TTTTTTTTTTTTTTTTTTVN-3‟;  
MCA02: 5‟-
pCAGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGAT 
TTTTTTTTTTTTTTTTTTTVN-3‟; 
LGT03:5‟-
pGTGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟. 
HTC04:  5‟-
pTCGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟ 
YAG05:5‟-
pAGGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 
TTTTTTTTTTTTTTTTTTVN-3‟; 
Reverse transcription products were resolved on a 10% polyacrylamide TBE-
urea gel as described above.  The expected 92 nt band of the first strand cDNA was 
excised and recovered using DNA gel elution buffer (300 mM NaCl, 1 mM EDTA).  
The purified first strand cDNA was then circularized by 100 U CircLigase II 
(Epicentre) following manufacturer‟s instructions.  The circular single strand DNA 
was purified using ethanol precipitation and re-linearized by 7.5 U APE 1 in 1 X 
buffer 4 (NEB) at 37 °C for 1 h.  The linearized products were resolved on a Novex 
10% polyacrylamide TBE-urea gel (Invitrogen).  The expected 92 nt band was then 
excised and recovered.   
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The single-stranded template was then amplified by PCR using the Phusion 
High-Fidelity enzyme (NEB) according to the manufacturer‟s instructions.  The 
primers qNTI200 (5‟-CAAGCAGAAGACGGCATA-3‟) and qNTI201 (5‟-
AATGATACGGCGACCACCG ACAGGTTCAGAGTTCTACAGTCCGACG-3‟) 
were used to create DNA library suitable for sequencing.  The PCR reaction contains 
1× HF buffer, 0.2mM dNTP, 0.5 µM primers, 0.5 U Phusion polymerase.  PCR was 
carried out with an initial 30 s denaturation at 98 °C, followed by 12 cycles of 10 s 
denaturation at 98 °C, 20 s annealing at 60 °C, and 10 s extension at 72 °C.   PCR 
products were separated on a non-denaturing 8% polyacrylamide TBE gel as described 
above.  Expected 120 bp band was excised and recovered as described above.  After 
quantification by Agilent BioAnalyzer DNA 1000 assay, equal amount of barcoded 
samples were pooled into one sample.  3 ~ 5 pmol mixed DNA samples were typically 
used for cluster generation followed by sequencing using sequencing primer 5‟-
CGACAGGTTCAGAGTTC TACAGTCCGACGATC-3‟ (Illumina HiSEQ, Cornell 
University Life Sciences Core Laboratories Center). 
Mapping Ribosome Protected mRNA Fragments to RefSeq Transcripts 
To remove adaptor sequences, seven nucleotides were cut off from the 3' end 
of each 50 nt-long Illumina sequence read and a stretch of A's were removed from the 
3' end, allowing one mismatch.  The remaining insert sequence was separated 
according to the 2-nucleotide barcode at the 5' end after the barcode was removed.  
Reads of length between 26 to 29 nt were mapped to the sense strand of the entire 
human or mouse RefSeq transcript sequence library (release 49), using  Bowtie-0.12.7 
(46).  Reads mapped to the PhiX genome if any were removed beforehand.  One 
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mismatch was allowed in all mappings and in case of multiple mapping, mismatched 
positions were not used if a perfect match existed.  Reads mapped more than 100 
times were discarded to remove poly-A-derived reads.  Finally, reads were counted at 
every position of individual transcript by using the 13th nucleotide of the read for the 
P-site position.  Two HEK293 technical replicate controls from the starvation dataset 
were pooled for most analyses representing HEK293.  
Coding Sequence Annotation 
The most recent freezes of CCDS (consensus coding sequence) data (47) were 
downloaded from the NCBI ftp site (Jan 24, 2011 for mouse, Sep 7, 2011 for human) 
to find annotated translational start and end positions on each mRNA.  Each of the 
CCDS nucleotide sequences were mapped to the associated RefSeq mRNA sequences 
based on following conditions: (1) the first three nucleotides must be perfectly 
matched; (2) up to two mismatches are allowed in the first ten nucleotides; (3) up to 
twenty mismatches are allowed in the full length, with no gaps allowed.  The 
maximum number of mismatches in an accepted alignment was 10. 
Read Aggregation Plots 
The number of RPF reads aligned to each position of individual transcript was 
first normalized by the total reads recovered on the same mRNA.  The reads counts 
were then averaged across all mRNAs for each position relative to the annotated start 
codon.  To avoid multiple counting of the same reads mapped to multiple isoforms of 
the same gene, redundant mRNAs were removed based on the sequence context of -
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100 nt ~ +100 nt relative to the annotated TIS.  The same approach was used to obtain 
average read aggregation relative to dTIS or uTIS positions. 
Identification of TIS Positions 
A peak is defined at the nucleotide level on a transcript. A peak position 
satisfies the following conditions: (1) The transcript must have both LTM and CHX 
reads.  (2) The position must have at least 10 reads from the LTM data.  (3) The 
position must be a local maximum within 7 nucleotides.  (4) The position must have 
“LTM-CHX” = ( XLTM/NLTM - XCHX/NCHX  ) to be at least 0.005, where Xk is the 
number of reads on that position in data k and Nk is the total number of reads on that 
transcript in data k.  Generally, a peak position is also called a „TIS‟.  However, if a 
peak was not detected on the first position of any AUG or near-cognate start codon but 
was present at the first position of an immediately preceding or succeeding one of 
these codons, the position was called a TIS. 
Identification of Potentially Misannotated aTIS 
Among mRNAs with at least one identified dTIS position, those with no aTIS 
or uTIS peak were selected.  Then, the first dTIS in frame 0 is identified as the 
potentially correct aTIS (pcaTIS).  If this dTIS is not associated with an AUG or near-
cognate start codon, it was discarded.  Any mRNA with a 5‟UTR shorter than 12 nt is 
excluded, because our method requires at least 12 nt 5‟UTR in order to detect the aTIS 
that would be at the 13
th
 position on a read.  To reduce possible false positives, we 
ensured that: (1) the total CHX reads in the region from position 1 to pcaTIS position -
2 on an mRNA must be less than 10; (2) the maximum CHX reads in this region must 
be less than 2; (3) total LTM reads from position aTIS-1 to aTIS+1 must be 0; (4) the 
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average CHX read density between pcaTIS-1 and pcaTIS+11 must be higher than 0.1 
reads per nucleotide. 
Codon Composition Analysis 
The number of TIS positions associated with each codon type starting was 
counted.  The enumeration was done after filtering redundant TIS positions based on 
its flanking sequence context from -30 to +122 nt relative to the TIS position to avoid 
double counting of the TIS on the common regions of transcript isoforms.  The same 
redundancy filtering was applied in most other analyses and counting described below.  
Background codon composition was based on all codons in either annotated CDS or 
5‟UTR of all mRNAs, regardless of reading frame. Redundancy filtering was not 
performed for background counting. 
Ribosomal Leaky Scanning Analysis 
Three subsets of aTIS positions were collected based on whether the aTIS has 
the initiation peak and whether the mRNA has any detectable AUG-associated dTIS 
(Figure 3D).  Sequence logos were drawn using Berkeley Weblogo (48).  The uTIS 
positions with the maximum peak height on an mRNA were grouped according to 
whether the aTIS has a peak [aTIS(Y)] or not [aTIS(N)] and their Kozak sequence 
context was analyzed (Figure 5A).  For counting the types of uTIS-associated uORFs 
(Figure 5C), the most downstream uTIS on each mRNA was assigned to one of two 
groups according to whether the aTIS has a peak [aTIS(Y)] or not [aTIS(N)].  The 
same uTIS sets collected for the Kozak sequence context analysis were used for 
measurement of free energy of downstream RNA secondary structures.  Each of these 
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subsets was divided into three groups according to the initiation context – „AUG 
(Kozak)‟, „AUG (non-Kozak) + CUG‟ and „AUG variants + others‟.  The AUG 
(Kozak) group includes an AUG with either or both of -3A/G and +4G.  AUG (non-
Kozak) group is an AUG with neither -3A/G nor +4G.  For each TIS position, a 
window length of 22 nt was moved at step size of 1 nt, starting from -12 nt relative to 
each uTIS to +100 nt, and the ∆G was calculated for each window using the RNAfold  
program (49).  The ∆G values were averaged for each position relative to the uTIS 
across all uTIS positions in each set. 
TIS Conservation between Human and Mouse 
Human and mouse RefSeq protein accessions were extracted from 
HomoloGene (release 65) (50).  Each RefSeq protein accession was matched to the 
associated mRNA accession, CCDS ID and CCDS amino acid sequence.  The amino 
acid sequence of each homologous protein pair were aligned to each other using 
Clustalw 2.1 (51), to calculate the alignment score and filter one-to-one orthologous 
relationships.  If two or more proteins from the same species were in the same 
HomoloGene group, only the single reciprocally best matched pair was used.  
Likewise, if an orthologous gene has mRNA isoforms, the reciprocally best matched 
isoform pair was chosen.  Any tied matches were removed.  The alignment score was 
computed as [1 - (the number of mismatches and gaps) / (length of human protein)] * 
100.  Any alignment with an alignment score less than 50 was discarded.  The 5‟UTR 
of an orthologous mRNA was considered as an orthologous 5‟UTR. 
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Among the human mRNAs that have a mouse ortholog, 5‟UTRs and CDSs 
were independently grouped into well-aligned and poorly-aligned categories.  A 
5'UTR with an alignment score less than 50 or with a 30 nt or longer 3‟end gap is 
considered poorly aligned. Likewise, a CDS with a 30 nt or longer initial gap is also 
considered poorly aligned. Note that a CDS with an alignment score less than 50 was 
discarded beforehand.  Within each category, human uTIS or dTIS were classified into 
five groups, according to sequence conservation (S0 vs S1)) and subtype conservation 
(T0 vs T1).   
A TIS is conserved in sequence (S1) if there is a mouse TIS peak at the same 
position on the aligned orthologous mouse sequence or if there is a mouse TIS peak 
with a similar surrounding sequence.  The surrounding sequence is taken from -6 to 
+24 nt relative to each uTIS.  The sequence similarity must be at least 75% identity 
with no gaps.  If a mouse TIS exists in the orthologous 5'UTR or CDS, but not 
conserved in sequence, it is assigned to the S0 category.  If no mouse TIS exists, it is 
classified as 'N'.  If the mouse ortholog has no detectable TIS at all, the pair was 
removed from the analysis. 
A TIS is conserved in subtype (T1) if the corresponding mouse uTIS or dTIS is 
of the same type.  For a uTIS, two subtypes, 'N-terminal extended' versus 'overlapped' 
and 'separated' were considered.  For a dTIS, frame 0 versus frame 1 and 2 were used 
as two subtypes.  The priority is set in the order of T1S1, T1S0, T0S1, T0S0 and N, in 
case a TIS belongs to two or more classes. 
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Identification of Translated ORFs in Non-coding RNA and Conservation 
Analysis 
Human and mouse ncRNAs were collected from the RefSeq (release 49) by 
extracting the RNAs with an accession beginning with 'NR' and with no mRNA 
isoforms.  To avoid false detection of TIS positions due to spurious mapping of reads 
sourced from mRNA transcripts, only reads unique to a single ncRNA are used.  From 
the human ncRNAs with at least one identified TIS, PhastCons score for every 
nucleotide position within either ORF or non-ORF regions was collected.  The 
PhastCons scores were obtained by using the UCSC Table Browser 
(http://genome.ucsc.edu) (52, 53), from the placental and primate subsets of the 46-
way vertebrate genomic alignment.  The ncRNAs whose genomic positions were 
ambiguous (e.g. the ncRNA is not included in the refGene table of the UCSC database 
or the length of the RNA is different from the refGene record) were excluded from the 
analysis. 
Plasmid Construction and Immunoblotting 
cDNA was synthesized by Superscript III RT (Invitrogen) using 1 µg of total 
RNA extracted from HEK293 cells.  CCDC124 and RND3 gene encompassing both 
the 5‟UTR and the CDS were amplified by PCR reaction using the following oligo 
pairs:  
ccdc124F:  5‟-GGCGCCAAGCTTGGAGGCGCGACCGGGCCGGCGCTGG-3‟ 
ccdc124R:  5‟-GGCGCCCTCGAGTTGGGGGCATTGAAGGGCACGGCCC-3‟  
rnd3F:  5‟-GGCGCCAAGCTTCAGTCGGCTCGGAATTGGACTTGGG -3‟ 
rnd3R:  5‟-GGCGCCCTCGAGCTATTCTGCACCCTGGAGGCGTAGC-3‟.  
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The PCR fragments were cloned to Hind III and Xho I sites of 
pcDNA™3.1/myc-His B.  Plasmid transfection was performed using Lipofectamine 
2000 (Invitrogen) according to the manufacturer's instructions.  After 48 hr 
transfection, cells were lysed by the lysis buffer (Tris-buffered saline, pH 7.4, 2% 
Triton X-100).  The whole cell lysates were heat-denatured for 10 min in NuPAGE® 
LDS Sample Buffer (Invitrogen).  The protein samples were resolved on 12% 
NuPAGE gel (Invitrogen) and then transferred to Immobilon-P membranes 
(Millipore).  After blocking for 1 hour in TBS containing 5% blotting milk, 
membranes were incubated with c-myc antibodies (Santa Cruz Biotechnology) at 4°C 
overnight.  After incubation with horseradish peroxidase–coupled secondary 
antibodies (Sigma), immunoblots were developed using enhanced chemiluminescence 
(GE Healthcare). 
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CHAPTER 4 
 
Conclusions and Future Endeavors 
Cellular protein homeostasis is maintained by integrated biological pathways 
that control the biogenesis, folding, trafficking and degradation of proteins.  This 
dynamic balance is critical for the quantity, quality and flexibility of proteome, which 
is the key for proper cellular functions.  The complex network involves several 
important functional units, including the translational machinery, molecular 
chaperones, and the ubiquitin proteasome system.  In the past decades, great progress 
has occurred in understanding the structural and biochemical details of these three 
systems.  However, it remains elusive how cells coordinate all these systems to 
maintain the protein homeostasis in response to intracellular and environmental 
challenges. 
The work presented here focuses on the translational response induced by 
proteotoxic stress and nutrient starvation.  I dissect the complex stress-induced 
translational reprogramming by inspecting the global protein synthesis as well as 
selective translation of stress responsive genes.  Mechanistically, the translational 
control at both initiation and elongation stages are investigated with genomic and 
biochemical approaches to gain a global view across the translatome and a better 
understanding of underlying mechanisms. 
In chapter 2, I discovered that intracellular proteotoxic stress reduces global 
protein synthesis by halting ribosomes on transcripts during elongation.  Ribosome 
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profiling data reveals an early elongation pausing, roughly at the site where nascent 
polypeptide chains emerge from the ribosomal exit tunnel.  The early elongation 
pausing response has also been captured by independent labs under several other 
proteotoxic conditions, including heat shock and oxidative stress.  Repression of 
molecular chaperones by dominant negative mutants and chemical inhibitors 
recapitulates the early elongation pausing, suggesting cells exploit chaperone 
availability as a sensing mechanism to induce stress response at translational level.  
The functional connection between chaperone availability and translation elongation 
offers a novel mode of regulation in response to stress conditions. 
The ribosome complex serves not only as a molecular machine of protein 
synthesis but also a sorting platform of nascent polypeptide chains for downstream 
modification, folding, and targeting.  The journey of a nascent polypeptide starts from 
the peptidyl transferase center (PTC) of the ribosome followed by traversing the 
peptide exit tunnel.  Once the nascent chain begins to emerge from the exit tunnel, it 
faces a drastic environmental change.  The nascent chain is sampled and bound by a 
diverse array of ribosome associated factors, such as signal recognition particle (SRP), 
nascent polypeptide associated complex (NAC), and Hsc70.  Depending on the 
affinity with the N-terminal peptides of nascent chain, ribosome associated factors 
compete with each other to bind with newly synthesized proteins and determine their 
post-synthesis fate.  Intriguingly, when one factor is depleted by genetic approaches, 
the corresponding nascent chain substrates are ectopically bound by other factors, 
leading to a variety of phenotypes.  To explain the regulatory mechanisms underlying 
the early elongation pausing, I proposed two possible mechanistic models.  The first 
 130 
“depletion” model states that intracellular accumulation of misfolded proteins, a 
common feature of a variety of stress conditions, sequesters molecular chaperones and 
the lack of chaperone association with the ribosome delays nascent chains from 
emerging.  The clogged nascent chains in the ribosome exit tunnel might compromise 
elongation directly.  Alternatively, the exposed nascent chains might be bound with 
other factors, such as Argonaute2, which in turn blocks the release of elongation 
factors, leading to the early pausing.  I proposed this “depletion” model in the 
published paper of Chapter 2. 
However, current available data could also be explained by an alternative 
“occupation” model, in which nascent polypeptide chains emerging from ribosome 
exit tunnel may retain associated Hsc70 under proteotoxic stress and trapped Hsc70 
prevents the release of eEF1A from ribosome, causing the early elongation pausing.  
This model is supported by the accumulation of both Hsc70 and eEF1A on the 
ribosome under direct inhibition of Hsc70 by small molecules as presented in 
Appendix I.  The position information of ribosomes associated with Hsc70 and eEF1A 
under proteotoxic stress is needed to differentiate the two potential models.  Currently, 
I am developing a selective ribosome profiling approach (SeRP) in mammalian system.  
Eventually, I am going to rely on the coming SeRP data to further investigate the 
detailed mechanisms.  Since multiple factors constitute the chaperone network linked 
to protein synthesis, it will also be intriguing to determine whether interfering with 
specific chaperone or co-chaperone molecules causes selective elongation pausing on 
a subset of transcripts by taking advantage of SeRP. 
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The field of translational reprogramming has made great progress over the past 
decade, in large part stemming from technological developments such as ribosome 
profiling.  Yet, the current endeavors aiming to understand protein translation have 
been hindered by technological limitations.  In Chapter 3 of a collaborative work, I 
develop an approach (global translation initiation sequencing, GTI-seq), by applying 
in parallel ribosome E-site translation inhibitors lactimidomycin (LTM) and 
cycloheximide (CHX), to achieve simultaneous detection of both initiation and 
elongation events on a genome-wide scale.  GTI-seq provides a comprehensive and 
high-resolution view of TIS positions across the entire transcriptome.  The precise TIS 
mapping offers mechanistic insights into the start codon recognition.  GTI-seq reveals 
that the majority of identified TIS positions belong to alternative start codons.  The 
prevailing alternative translation is corroborated by the finding that nearly half of the 
transcripts contained multiple TIS codons.  One expected consequence of alternative 
translation initiation is an expanded proteome diversity, including NH2-terminal 
heterogenetic protein isoforms with different cellular localization and truncated 
proteins with distinct functions.  After the publication of our method and data, several 
follow up studies have confirmed many of the isoforms with mass spectrometry and 
discovered truncated protein variants with novel physiological functions such as in 
antiviral immunity.  In terms of alternative translation at uORF, most of them may 
serve as regulatory elements in controlling the translation of the main ORF, which has 
also been consistently discovered in the processes of virus infection, yeast meiosis, 
and mouse embryonic stem cell differentiation.  Additionally, the alternative 
translational products could also function as biologically active peptides.   
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Comprehensive cataloging of global translation initiation sites and the 
associated ORFs is just the beginning in unveiling the role of translational control in 
gene expression.  More focused studies will be needed to decipher the function and 
regulatory mechanism of novel ORFs individually.  For example, a truncated isoform 
of a mitochondrial ribosomal protein identified from my dataset has been further 
pursued by Dr. Xingqian (Ben) Zhang in our lab to investigate its stress-induced 
alternative translation and novel function in regulating the synthesis of Hsp70 during 
heat shock response.   
GTI-seq is also readily applicable to broad fields of fundamental biology.  For 
instance, the illustration of altered TIS selection under different growth conditions will 
set the stage for future investigation of stress-induced translational reprogramming.  In 
Appendix II, I apply GTI-seq to profile alternative initiation and selective translation 
in response to starvation.  I uncover a robust translational reprogramming of protein 
catabolic process, in particular the proteasome system, through alternative TIS 
selection.  This regulatory mode of TIS selection indicates that the scope of selective 
translation under stress conditions is much broader than anticipated. 
Despite the great success in mapping translation initiation sites (TISs) with high 
precision, GTI-seq does not offer reliable quantitative information about differential 
initiation and cannot be directly applied to different tissues to elucidate the tissue-
specific translational control.  To overcome these limitations, I help Drs. Xiangwei 
Gao and Ji Wan to develop an enhanced version that allows an unbiased capture of 
initiating ribosomes from unperturbed cells.  With the application of the improved 
approach to mouse liver tissue, we identify a liver cell-specific mode of translational 
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control and reveal a robust translational switch towards the proteasome system in 
response to fasting, which is consistent with my previous data from the cell culture 
model.  These results further support the coordinated regulation between translation 
and proteasome systems to maintain protein homeostasis under stress conditions. 
The ability of cells to adapt to stress is crucial for their survival. Regulation of 
global protein synthesis coupled with selective translation allows cells to rapidly 
respond to a variety of stress conditions.  My work here has revealed unprecedented 
proteome complexity and flexibility through stress-induced translational 
reprogramming, including ribosome pausing during elongation and wide-spread 
alternative translation initiation.  Elucidating the mechanisms underlying translational 
reprogramming during stress will not only shed light on the fundamental principles of 
translation, but also provide deeper insight of the pathophysiology of human diseases.  
Stress conditions are often an underlying cause of human diseases, including diabetes, 
neurodegenerative disorders, and cancer. In particular, cancer cells proliferate rapidly 
under limited nutrients and are relatively resistant to environmental stress. It is thus 
critical to understand how abnormal cells alter stress responsive pathways at the 
translational level.  A better understanding of translational reprogramming in stress 
response might ultimately lead to the development of new therapeutic strategies for 
human diseases. 
 
 
134 
APPENDIX I 
 
Hsc70 Modulates Elongation Pausing of Ribosomes in Response to 
Proteotoxic Stress through eEF1A 
 
 
This section is work in process to further dissect the underlying mechanism of early 
elongation pausing after the publication of Chapter 2. 
 
 
 
AI.1 Results 
AI.1.1 eEF1A accumulates on light polysome under proteotoxic stress 
In Chapter 2, I described the chaperone controlled early elongation pausing 
under proteotoxic stress, but the underlying mechanism remains elusive and several 
questions await further investigation.  For instance, what is the difference between 
early and late elongating ribosomes?  How does Hsc70 control the early elongation 
pausing under proteotoxic stress? 
Unsurprisingly, one common regulatory mechanism of translation elongation is 
through the modulation of elongation factors (Sherman and Qian, 2013).  Translation 
elongation is mediated by eukaryotic translation elongation factor 1 alpha (eEF1A) 
and eukaryotic translation elongation factor 2 (eEF2), which delivers amino acid-
charged tRNA to the ribosomal A site and catalyses ribosomal translocation, 
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respectively (Dever and Green, 2012).  In addition to its canonical role in translation, 
eEF1A has many other “moonlighting” functions related to the protein quality control 
system, including the association with Hsp70, nascent polypeptide chains, and 
ubiquitin-proteasome system, as well as the involvement in protein degradation, 
aggregation and heat shock response (Chuang and Madura, 2005; Deplazes et al., 
2009; Gross and Kinzy, 2007; Mateyak and Kinzy, 2010; Meriin et al., 2012; Mitsui et 
al., 2002; Shamovsky et al., 2006) (Figure AI-1).  Intriguingly, eEF1A has been 
shown to stall ribosomes at early elongation stage by forming a complex with RNA 
binding protein PUF and Argonaute protein on selective transcripts (Friend et al., 
2012). Notably, the authors actually identified Hsp70 as a potential component of the 
complex using mass spectrometry, but they didn‟t investigate its function in details.  In 
addition, during epithelia-to-mesenchymal transitions (EMT), 3‟UTRs of specific 
mRNAs are recognized by a RNA-binding protein heterogeneous nuclear 
ribonucleoprotein E1 (hnRNP E1), which blocks the translocation of ribosomes by 
associating with eEF1A.  Active Transforming growth factor beta (TGF β) signalling 
phosphorylates hnRNP E1 and releases eEF1A from ribosomes, allowing the 
elongation to proceed on mRNAs and promoting EMT (Hussey et al., 2011). 
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Figure AI-1. Canonical and non-canonical functions attributed to eEF1A. 
Figure is adapted from Mateyak, M.K. et al. 2010 with modifications to emphasize the 
“moonlighting” functions related to protein quality control system. 
  
 
 
I hypothesized that eEF1A might collaborate with Hsc70 to control early 
elongation pausing using similar mechanism.  To test this hypothesis, I first detected 
the association of eEF1A and Hsc70 with ribosomes under normal and proteotoxic 
conditions (Figure AI-2).  Consistent with previous observations, Hsc70 and eEF1A 
molecules were depleted from the heavy polysome that collapsed under stress 
conditions.  However, Hsc70 and eEF1A remained associated with light polysome (2-
4 ribosomes) under stress, suggesting potential roles in mediating the specific 
ribosome dynamics. 
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Figure AI-2. eEF1A accumulates on light polysome under proteotoxic stress. 
Polysome profiles of HEK293 cells treated with or without 10mM AZC and 20μM MG132 for 
1hr. 40S, 60S subunits, 80S monosome and polysome peaks are indicated. The bottom panel 
shows the distribution of Hsc70, eEF1A, and ribosome proteins in ribosome fractions. 
 
AI.1.2 Direct inhibition of Hsc70 leads to the accumulation of eEF1A on the 
polysome 
In Chapter 2, I showed that direct inhibition of Hsc70 with small molecules 
such as PES recapitulates the early elongation pausing.  To characterize the interaction 
between Hsc70 and eEF1A under this scenario, I monitored the association of these 
proteins with ribosomes under Hsc70 inhibition (Figure AI-3).  Previously, PES has 
been shown to bind with C-terminal substrate binding domain of Hsp70, the inducible 
form of Hsc70, and block its chaperone activity (Leu et al., 2009).  Surprisingly, PES 
dramatically increased the amount of ribosome associated Hsc70 despite of the 
dissembled polysome, indicating that PES stabilizes the binding between Hsc70 and 
nascent polypeptide chains on ribosomes.  Importantly, with more retained Hsc70 
molecules, eEF1A also accumulated on ribosomes, suggesting that Hsc70 trapped with 
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nascent polypeptide chains might block the release of eEF1A from ribosomes and then 
cause the early elongation pausing. 
 
Figure AI-3. Direct inhibition of Hsc70 leads to the accumulation of eEF1A on the 
polysome. 
Polysome profiles of HEK293 cells treated with or without 50μM PES for 1hr. 40S, 60S 
subunits, 80S monosome and polysome peaks are indicated. The bottom panel shows the 
distribution of Hsc70, eEF1A, and ribosome proteins in ribosome fractions. 
 
AI.1.3 Direct repression of eEF1A results in a modest elongation pausing 
To directly dissect the role of eEF1A in mediating early elongation pausing, I 
capitalized another chemical inhibitor against eEF1A called Narciclasine (Narc) (Van 
Goietsenoven et al., 2010) (Figure AI-4A).  Indeed, treatment of cells with Narc 
dramatically inhibited the protein synthesis rate as indicated by the reduced 
incorporation of [
35
S] (Figure AI-4B). 
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Figure AI-4.  eEF1A inhibitor represses global protein synthesis. 
(A) Schematic for the inhibitory property of small molecule Narciclasine. Narciclasine inhibits 
eEF1A (purple). The nascent polypeptide chain is colored in red while Hsc70 in green. 
(B) Global protein synthesis was analyzed in HEK293 cells treated with 100 nM Narc for 1 hr.  
[35S] radioactivity of TCA-insoluble material was measured at given times. 
 
However, Narc only slightly dissembled polysome and increased monosome 
peak, with accumulation of eEF1A on ribosomes (Figure AI-5A).  Furthermore, 
ribosome profiling revealed only a modest accumulation of ribosomes at 5‟ end of 
CDS under eEF1A inhibition as compared to the pausing level under proteotoxic 
stress and Hsc70 inhibition (Figure AI-5B). 
To further substantiate the findings, I reconstituted the process based on the 
rabbit reticulocyte lysate (RRL) in vitro translation system.  Instead of performing 
high-throughput sequencing, I monitored the positions of ribosomes on a reporter 
firefly luciferase (Fluc) mRNA indirectly through the length of associated nascent 
polypeptide chains (Janssen et al., 2012) (Figure AI-6A).  Consistent with the 
ribosome profiling data, direct inhibition of eEF1A in vitro also leads to a general 
accumulation of elongating ribosomes on mRNA without drastic preference to the 
5‟end of CDS (Figure AI-6B). 
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Figure AI-5.  Direct inhibition of eEF1A partially recapitulates early elongation pausing. 
(A) Polysome profiles of HEK293 cells treated with or without 1μM Narc for 1hr. 40S, 60S 
subunits, 80S monosome and polysome peaks are indicated. The bottom panel shows the 
distribution of Hsc70, eEF1A, and ribosome proteins in ribosome fractions. 
(B) Meta-gene analysis for modest early elongation pausing in cells treated with 100 nM Narc 
for 1hr.  Normalized RPF reads are averaged across the entire transcriptome, aligned at their 
start codon. 
 
These results suggest that repression of eEF1A only is not sufficient to fully 
recapitulate the early elongation pausing pattern.  Instead, the binding of Hsc70 with 
emerging nascent chains might be required to provide the position information.  
Therefore, the interplay among nascent chains emerging from ribosome exit tunnel, 
Hsc70, and eEF1A is necessary to generate the specific early pausing pattern. 
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Figure AI-6.  Inhibition of eEF1A in vitro causes accumulation of elongating ribosomes.   
(A) Schematic of experimental design using the length of associated nascent polypeptide 
chains to infer ribosome positions on Fluc mRNA in vitro. 
(B) In vitro translation of Fluc mRNA in the presence of DMSO control (Con), 1μM 
Narciclasine (Narc), or E site elongation inhibitor 10μM Cycloheximide (CHX), or 10μM 
Emetine (Eme). Reactions were first performed at 30°C for 20 min to allow the engagement of 
ribosomes on mRNAs before the addition of inhibitors. Full length products are shown on the 
top, while separated peptidyl tRNA species are shown at the bottom to reflect the distribution 
of elongating ribosomes. First two lanes are products from templates of N-terminal Fluc 
fragments used as markers. 
 
AI.1.4 Selective ribosome profiling monitors the association of Hsc70 and eEF1A 
with elongating ribosomes 
Based on all the evidence above, I propose a working model that nascent 
polypeptide chains emerging from ribosome exit tunnel may retain associated Hsc70 
under proteotoxic stress, which in turn prevents the release of eEF1A from ribosome 
A site and leads to the early elongation pausing. 
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Figure AI-7. Selective ribosome profiling using C-terminal Flag-tagged eEF1A. 
(A) Polysome profiles of eEF1A-Flag/ HEK293 cells. 40S, 60S subunits, 80S monosome and 
polysome peaks are indicated. The bottom panel shows the distribution of exogenous eEF1A-
Flag, endogenous eEF1A, and ribosome proteins in ribosome fractions. 
(B) HEK293 cells with or without eEF1A-Flag transgene were treated with indicated 
chemicals for 1hr and lysed with or without DSP crosslinking. Equal amount of lysates were 
subjected to MNase digestion and generated monosomes were collected from sucrose 
gradient. anti-Flag IP was performed to selectively purify ribosome complexes associated with 
eEF1A-Flag . Immunoblotting was conducted using anti-Flag antibody to detect IP efficiency. 
(C) Same samples in (B) were blotted with anti-RpL4 antibody to detect selectively purified 
ribosome complexes. 
 
To test this model, specific maps of ribosomes associated with particular 
factors are required to determine the ribosome dynamics under proteotoxic stress.  
Recently, an approach called selective ribosome profiling (SeRP) has been developed 
to investigate the cotranslational interaction between a bacterial chaperone called 
trigger factor and ribosome complexes (Becker et al., 2013; Oh et al., 2011).  In 
addition, the substrate binding property of Ssb, the homolog of Hsp70 in yeast, was 
also studied using a microarray based method (Willmund et al., 2013).  Taking 
advantage of these two published tools, I decide to establish a SeRP method in 
mammalian system to investigate the cotranslational association of eEF1A and Hsc70 
with ribosomes. 
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Figure AI-8.  HA-Hsc70 is associated with polysome in Hela-tTA cells. 
(A) HeLa-tTA cells were infected with adenoviruses expressing HA-Hsc70.  The expression 
levels of both transgene and endogenous genes were determined by immunoblotting after 24 
hr induction by Dox removal. 
(B) Polysome profiles of HeLa-tTA cells expressing HA-Hsc70. 40S, 60S subunits, 80S 
monosome and polysome peaks are indicated. The bottom panel shows the distribution of 
exogenous HA-Hsc70, endogenous Hsc70, eEF1A, and ribosome proteins in ribosome 
fractions. 
 
To adapt the SeRP protocol to mammalian system, I first established a 
HEK293 cell line stably expressing C-terminal Flag-tagged eEF1A proteins, so that 
eEF1A associated ribosome complexes can be specifically purified with high 
efficiency.  The tagged exogenous eEF1A is incorporated into polysome fractions in 
sucrose gradient and distributes similarly as endogenous proteins in response to 
various treatment, indicating that the C-terminal tag doesn‟t interfere with its functions 
and behaviors in cells (Figure AI-7A and data not shown).  Similar assays have also 
been conducted to make sure the functionality of N-terminal HA-tagged Hsc70 in 
HeLa- tTA cells (Figure AI-8). 
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Next, I performed a brief crosslinking in vivo with Dithiobis 
(succinimidylpropionate) (DSP) to stabilize the ribosome complexes with associated 
factors.  Monosomes generated by micrococcal nuclease (MNase) digestion were 
collected using sucrose gradient approach.  Ribosomes associated with particular 
factors were selectively purified using matrix beads coupled with antibodies against 
corresponding affinity tags.  After extensively optimization of lysis, enzyme digestion, 
as well as IP and wash conditions, I successfully purified ribosomes-eEF1A 
complexes with high specificity and efficiency under different treatment (Figure AI-
7B&C).  Until the dissertation is submitted, I have been constructing the cDNA library 
from the ribosome protected mRNA fragments for high-throughput sequencing.  
Based on the expected sequencing data, the binding position of eEF1A and Hsc70 on 
elongating ribosomes can be inferred and used to differentiate two proposed models. 
I conclude that the interaction between Hsc70 and eEF1A links the protein 
quality control system and the translational machinery, representing a novel co-
translational mechanism that maintains the intracellular protein homeostasis. 
AI.2 Materials and Methods (in addition to section 2.5) 
In vitro translation 
For in vitro translation of Fluc assay, TNT Quick Coupled Translation 
/Transcription system (Promega) based on rabbit reticulocyte lysate (RRL) was used.  
In brief, pcDNA3 plasmid encoding full-length or N-terminal fragments of Fluc 
mRNA was mixed with RRL supplemented with [
35
S] L-methionine.  In vitro 
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translation was first performed at 30°C for 20 min to allow the engagement of 
ribosomes on mRNAs and then another 40 min in the presence of indicated inhibitors. 
Peptidyl tRNA purification and gel electrophoresis 
Analysis of peptidyl-tRNA by gel electrophoresis was performed as described 
before (Janssen et al., 2012).  Briefly, 10μl of in vitro translation reactions were 
stopped by chilling on ice and the addition of 35μl lysis buffer (1% SDS, 50mM Tris-
acetate [pH 7.0], and 1mM EDTA ).  0.5 ml of 2% CTABr solution and 0.5 ml of 
0.5M sodium acetate (pH 5.0) solution were added to precipitate aminoacyl- and 
peptidyl-tRNAs.  The solution was mixed, placed in an ice water both for 20 min, and 
then precipitates were thawed at 30°C for 10 min.  tRNA species were pelleted at 
13,000 g for 30 min.  Supernatants with full-length proteins were collected and 
precipitated with 10% TCA, washed with 100% acetone.  The precipitates were air-
dried, re-suspended with SDS sample buffer and resolved on SDS-PAGE.  The gel 
was dried and viewed by phosphor imaging screen (HE healthcare).  
On the other hand, tRNA pellets were washed with 1 ml 100% acetone and re-
pelleted by centrifuging at 13,000 g for 10 min. Supernatants were carefully removed 
and pellets were allowed to air-dry.  Pellets were re-suspended in 15 μl of AcE gel-
loading buffer (8M urea, 10mM sodium acetate [pH 5.0], 1mM EDTA, 0.01% 
bromophenol blue).  tRNA Samples were loaded on 6% acid-urea polyacrylamide gel 
(6% acrylamide, 8M urea, 100mM sodium acetate [pH 5.0], 1mM EDTA [pH 8.0], 
0.16% Ammonium persulfate, 0.16% TEMED) and run at 100 V in a 4°C room for 
130 min with sodium acetate running buffer (100 mM sodium acetate [pH 5.0], 1mM 
EDTA in pre-chilled DEPC-treated water).  Gel was fixed in 30% methanol and 
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shaken at RT for 30min to remove urea.  After that, the gel was dried and viewed by 
phosphor imaging screen (HE healthcare). 
Selective ribosome profiling for mammalian cells 
Selective ribosome profiling was performed based on published protocol with 
modifications for cultured mammalian cells (Becker et al., 2013).  Briefly, after 
indicated treatment, medium was aspirated out twice to remove free amino acid 
residuals as much as possible.  Crosslinking was performed with 2.5 mM DSP in PBS 
(RT) at RT for 1 min and quenched with 50mM Tris (pH7.0) at RT for 1 min.  After 
the aspiration of supernatants, cells were washed with ice-cold PBS (100μg/ml CHX) 
once and lysed with 3X SeRP lysis buffer (50mM HEPES [pH 7.5], 100mM KCl, 
30mM MgCl2, 100μg/ml CHX, 1X EDTA-free protease inhibitor, 0.4% Triton X-100 
and 0.1% NP-40), giving lysates in about 10mM MgCl2.  After clearance by 
centrifugation at 13,000g for 10 min at 4°C, supernatants were collected. Protein and 
RNA concentration were determined by BCA assay (Promega) and Nanodrop.  After 
the adjustment with sucrose gradient buffer (50mM HEPES [pH 7.5], 100mM KCl, 
10mM MgCl2, 100μg/ml CHX) to equal amount, lysates were added with 5mM CaCl2 
and Superase-In RNase inhibitor (2μl/mg RNA). Lysates with supplements were 
subjected to MNase (1,500 Gel Unit/mg RNA) digestion at 25°C for 1hr with constant 
shaking in a Thermomixer (Eppendorf).  The digestion was stopped by chilling on ice 
and the sequestration of Ca
2+
 by adding 6mM EGTA (pH 8.0).  Digested samples were 
loaded on the top of 10%-45% sucrose gradient and separated by centrifugation in 
SW40 rotor at 32,000 rpm 4°C for 4hr.  Monosome fractions were collected and 
combined.  An aliquot was saved as input.  The rest samples were mixed with beads 
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coupled with corresponding tag antibody and the IP was performed at 4°C for 1hr.  
Beads were washed three times for 5min with wash buffer (50mM HEPES [pH 7.5], 
100mM KCl, 10mM MgCl2, 1mM EGTA, 100μg/ml CHX, 1X EDTA-free protease 
inhibitor, 0.4% Triton X-100 and 0.1% NP-40).  RNA samples were extracted with 
Trizol (Invitrogen) according to manufacturer‟s instructions and converted to cDNA 
libraries for Illumina HiSeq sequencing.  Protein samples were eluted with SDS 
sample buffer containing 50mM DTT and the reverse of crosslinking was performed 
at 37°C for 30 min.  Protein samples were heat denatured and analyzed by SDS-PAGE 
and immunoblotting. 
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APPENDIX II 
Profiling of Alternative Initiation in Response to Starvation 
 
 
This work was originally the last section of the manuscript based on Chapter 3, but it 
was re-organized as the first section of a new manuscript in submission as Gao X, 
Wan J, Liu B, and Qian SB. Quantitative Profiling of Initiating Ribosomes in 
Mammalian Cells and Liver Tissues Reveals Programmatic Translational 
Response to Starvation. 
 
 
 
AII.1 Results 
For transcripts with multiple TIS positions, the relative LTM reads density 
reflects the initiation potency under a given growth condition.  Thus, changes in TIS 
selection could be evaluated by measuring the ratio of different TIS codons on the 
same mRNA.  Acute amino acid deprivation triggers an adaptive stress response 
regulating gene expression at multiple levels, including translation initiation 
(Hinnebusch, 2005; Kilberg et al., 2005).  We examined the changes in TIS selection 
during starvation by subjecting HEK293 cells to 20 min of incubation in phosphate 
buffered saline (PBS) followed by GTI-seq.  Compared to nutrient-rich growth 
conditions (DMEM), acute amino acid starvation reduced polysome formation with a 
concomitant increase of monosome peak (Figure AII-1).  In contrast to the previous 
report using S. cerevisiae (Ingolia et al., 2009), we did not find the drastic re-
distribution of CHX reads between the UTR and CDS regions after starvation (Figure 
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AII-2A).  This could be due to the fact that the starvation condition we used was not 
able to trigger the amino acid response (AAR) pathway, at least in HEK293 cells.  
Consistent with this notion, the eIF2α phosphorylation in HEK293 cells was unaltered 
after 20 min of PBS incubation (Figure AII-2B).  Not surprisingly, we did not observe 
translational changes of uORFs in the transcript of ATF4 (Figure AII-2C).   
 
 
 
 
Figure AII-1. Polysome profile analysis in cells with or without amino acid starvation. 
HEK293 cells were either incubated in nutrition-rich medium DMEM or PBS for 20 min of 
starvation before the addition of ribosome E-site inhibitors 100 µM CHX or 50 µM LTM for 
30 min followed by sucrose gradient sedimentation.  Both 80S monosome and polysome 
peaks are indicated. 
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Figure AII-2. PBS incubation of HEK293 cells did not trigger amino acid response 
pathway. 
(A) CHX-associated RPF reads were obtained from HEK293 cells with or without amino acid 
starvation.  Plotted is the ratio of RPF reads mapped to either 5‟UTR or 3‟UTR relative to the 
CDS.  
(B) eIF2α phosphorylation status in HEK293 cells with or without PBS incubation.  The same 
samples as in (A) were immunoblotted using antibodies as indicated.    
(C) Translational regulation of ATF4 in cells with or without PBS incubation. 
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To systemically determine whether TIS selection was altered over the entire 
transcriptome under this starvation condition, we selected genes with both uTIS and 
aTIS initiation on their transcripts.  We analyzed the relative efficiency of these two 
initiators in cells with or without starvation (Figure AII-3A).  We observed a group of 
transcripts exhibiting reduced aTIS initiation relative to the uTIS (Figure AII-3A, blue 
dots).  Notably, the majority of these gene products were involved in the process of 
transcription (Figure AII-3B), such as the upstream binding transcription factor UBTF 
(Figure AII-3C).  Under nutrient-rich growth conditions, UBTF translation was 
dominated via the aTIS initiation.  New uTIS peaks appeared on UBTF under amino 
acid starvation, while the aTIS initiation subsequently reduced.  Surprisingly, a certain 
number of genes showed a relative increase in aTIS initiation on their transcripts, a 
result of either repressed uORF translation or enhanced main ORF translation (Figure 
7A, red dots).  Intriguingly, many of these genes were involved in the protein catabolic 
process, in particular the ubiquitin-proteasome system (Figure AII-3B).  For instance, 
a gene encoding the proteasome α subunit 7 (PSMA7) had a CUG-initiated uORF in 
addition to the main ORF (Figure AII-3D).  Amino acid starvation led to a reduced 
uTIS selection but an increased initiation at the aTIS.  The favored production of these 
gene products under acute starvation condition apparently helps recycling of 
intracellular amino acids by promoting protein breakdown.  This regulatory mode of 
TIS selection indicates that the scope of selective translation under stress conditions is 
much broader than anticipated. 
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Figure AII-3. Changes of TIS selection under amino acid starvation. 
(A) Volcano plot showing aTIS fraction changes after amino acid starvation.  GTI-seq was 
applied to HEK293 cells with or without amino acid starvation.  For transcripts with multiple 
TIS codons, the changes of aTIS initiation over the total TIS positions on each transcript are 
plotted.  Blue dots, decreased aTIS initiation under starvation; red dots: increased aTIS 
initiation under starvation. 
(B) Functional characterization of genes with changed TIS selection under starvation.  Blue 
circles contain genes with decreased aTIS under starvation and red circles for increased aTIS 
under starvation. 
(C) An example of increased uTIS initiation during starvation.  Multiple TIS codons on the 
UBTF transcript were shown in HEK293 cells with (right panel) or without (left panel) 
starvation.  
(D) An example of increased aTIS initiation during starvation.  Multiple TIS codons on the 
PSMA7 transcript are shown in HEK293 cells with (right panel) or without (left panel) 
starvation. 
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AII.2 Materials & Methods (in addition to section 3.5) 
Starvation Treatment 
For the starvation experiment, HEK293 cells were incubated in phosphate 
buffered saline (PBS) at 37°C for 20 min. After the starvation, 100 µM cycloheximide 
or 50 µM lactimidomycin were added immediately to the PBS and cells were kept in 
PBS at 37°C for another 30 min.  The control experiment was performed in parallel in 
DMEM with 10% FBS. 
Identification of Genes with Altered TIS Selection under Starvation 
The value of aTIS fraction [LTM reads on aTIS / (LTM reads on aTIS + Sum 
of LTM reads on uTIS)] was computed for each mRNA under each condition (DMEM 
and PBS).  The union of the uTIS codons identified in both conditions was used as the 
set of uTIS position.  N-terminal extension type of uORFs was not included.  mRNAs 
with neither aTIS nor uTIS peak in each condition were excluded.  Technical 
replicates were pooled for each condition.  aTIS fraction difference (aTIS fraction of 
PBS – aTIS fraction of DMEM) was used for statistical testing, which was performed 
by shuffling the LTM reads at each aTIS or uTIS position.  First, the reads from the 
two conditions at each position were summed and redistributed according to the 
probability proportional to the total mRNA-mapped reads from the two conditions.  
Based on the redistributed read counts, aTIS fraction difference was computed.  This 
process was repeated 1 million times.  The proportion that the generated aTIS fraction 
difference was larger (or smaller if the observed aTIS fraction difference is negative) 
than or equal to the observed value was used as a p-value.  To avoid zero p-values, the 
minimum possible p-value was set to 10
-6
.  To adjust for multiple testing, false 
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discovery rate was computed based on the Benjamini-Hochberg method using the 
p.adjust function in R.  Up- or down-regulated mRNAs were identified at FDR cut-off 
0.05.  The Gene Ontology analysis was done at the gene level, rather than the mRNA 
level.  Any gene with both up- and down-regulated mRNA isoforms was removed 
before the analysis. 
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